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MODIFICATION  OF  POTASSIUM  M  E  T  A  P  HOS  P  H  A  T  E  BY  MEANS 


OF  SALT  ADDITIONS 

S.  I.  Vol'fkovlch  and  T.  A.  Ban'shchlkova 
The  M.  V.  Lomonosov  University,  Moscow 


The  high  concentration  of  nutrient  substances  in  potassium  metaphosphate  —  39.87%  K2O  and  60.13% 

P2O5,  —  make  this  compound  a  promisir^ highly  concentrated  compound  fertilizer  for  soils  deficient  In  both 
elements.  A  very  attractive  property  of  metaphosphates  is  that  they  can  be  prepared  to  have  different  mobilities 
in  soil;  in  accordance  with  requirements,  they  can  be  produced  in  forms  soluble  In  water  or  citrates,  or  in  almost 
insoluble  form.  Potassium  metaphosphates  may  also  be  of  interest  for  water  softening  and  as  components  of 
detergents  and  special  phosphate  glasses. 

Although  metaphosphates  of  sodium  and,  to  a  smaller  extent,  of  potassium  were  studied  as  early  as  the 
first  half  of  the  19th  century  byGraham,  Maddrell  Fleitmann,  and  Lindbom),  systematic  and  extensive  studies 
of  the  properties,  methods  of  preparation,  and  structure  of  various  polymeric  forms  of  the  metaphosphates,  of 
particular  Interest  In  agriculture,  were  undertaken  only  during  the  past  25-35  years  (by  Pascal,  Britske,  Thilo 
and  others). 

The  method  of  preparation  of  potassium  metaphosphate  by  decomposition  of  potassium  chloiide  at  high 
temperatures  by  orthophosphoric  acid  has  long  been  known  [1-5],  but  conditions  in  which  different  polymers 
and  modifications  are  formed  have  not  been  studied  sufficiently. 

The  present  paper  deals  with  a  study  of  the  conditions  for  preparation  of  potassium  metaphosphates  of 
practical  importance  by  thermal  dehydration  of  monopotassium  orthophosphate  (KH2PO4),  and  addition  of  small 
amounts  of  other  salts  to  the  product  in  order  to  modify  its  properties;  mainly  to  confer  solubility  in  water  and 
ammonium  citrate  solution,  as  such  solubility  Is  a  criterion  of  the  rate  and  degree  of  assimilation  of  the  product 
by  plants. 

The  experiments  on  preparation  of  potassium  metaphosphate  were  conducted  over  two  temperature  ranges-. 
320-330*  and  960-1000*;  two  different  dehydration  products  were  obtained. 

Experiments  on  preparation  of  potassium  metaphosphate  at  320-330"  and  960-1000*;  two  different  dehy¬ 
dration  products  were  obtained. 

Experiments  on  preparation  of  potassium  metaphosphate  at  320  -  330*  were  carried  out  In  a  TG-3  electric 
crucible  furnace;  the  temperature  was  measured  by  means  of  a  Chromel  —  Alumel  thermocouple  with  an  MP-28 
milllvoltmeter  (accuracy  grade  1),  and  checked  by  means  of  a  LATR  instrument.  A  weighed  sample  of  potassium 
orthophosphate  was  poured  through  a  funnel  into  a  prepared  nickel  basin*  which  was  in  a  furnace  heated  20* 
above  the  experimental  temperature.  The  experimental  dehydration  temperature  was  established  within  2-3 
minutes.  At  the  end  of  the  experiment  the  basin  was  removed  from  the  furnace  and  cooled  In  air. 

Experiments  on  preparation  of  potassium  metaphosphate  at  960-1000*  were  carried  out  in  a  muffle  furnace 
with  automatic  regulation;  at  the  end  of  an  experiment, the  crucible  was  taken  out  of  the  furnace  and  the 

•As  nickel  reacted  with  the  reaction  products  under  the  experimental  conditions,  the  basin  was  previously 
coated  on  the  inside  with  a  thin  film  of  the  meta  salt. 
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contents  were  poured  out  rapidly  onto  an  aluminum  surface  (for  air  chilling)  or  into  a  vessel  with  petrolatum  (for 
oil  chilling).  After  oil  chilling, the  product  was  washed  with  benzene  and  dried  in  air. 

The  products  were  analyzed  for  total  P2O5  and  water-soluble*  and  citrate -soluble  P2O5  by  the  method  used 
In  the.  Scientific  Research  Institute  of  Fertilizers  and  Insectofungicldes  f  6]. 

The  starting  material  was  pure  potassium  orthophosphate,  prepared  by  neutralization  of  phosphoric  acid 
with  potassium  carbonate,  containing  51.87%  P2O5.  The  other  reagents  were  of  chemically  pure  or  analytical 
grades. 

In  the  first  series  of  experiments,  on  dehydration  of  KH2PO4  at  320-330",  the  effect  of  the  heating  time 
on  the  solubility  of  the  product  in  water  and  ammonium  citrate  solution  was  studied.  This  series  of  experiments 
showed  that  with  Increase  of  the  heating  time  of  the  original  salt  in  the  furnace  from  10  to  60  minutes,  and  hence 
with  increasing  dehydration,  the  solubility  of  the  product  in  water  is  decreased  approximately  5-fold  (from  55- 
56%  to  9-13%),  and  in  ammonium  citrate  solution,  approximately  2  5 -fold  (from  38-37%  to  20-22%). 

The  optimum  heating  time  at  320-330”,  with  a  layer  about  1  cm  thick,  was  15-16  minutes.  This  resulted 
in  98.8%  dehydra  tlon  of  the  original  ortho  salt,  and  the  product  contained  81. 8%P205  in  available  form  •• 

If  KH2PO4  was  92%  dehydrated  (In  10  minutes),  the  product  was  completely  soluble  in  water.  Thus,  if 
a  small  percentage  of  water  remains  in  the  product,  it  retains  its  solubility  in  water,  which  is  very  Important  in 
practice. 

In  the  next  series  of  experiments, additions  of  various  salts  were  tested  In  order  to  obtain  a  completely 
available  product  with  100%  dehydration  of  KH2PO4.  It  is  known  from  the  work  of  Andre  [7]  and  from  earlier 
experiments  carried  out  in  the  Scientific  Research  Institute  of  Fertilizers  and  Insectofunglcldes  and  MGU  that 
addition  of  magnesium  salts  prevents  retrogradatlon  of  water-soluble  phosphoric  acid  in  fertilizers. 

We  tested  the  following  additives:  KCl,  NaCl,  CaCl2,  MgCl2.  MgCl2*  6H20,MgS04,  MgO,  CaO,  in 
amounts  from  1  to  10%  Tlie  choice  of  the  additives  was  based  on  crystallochemical  considerations  and  on  the 
fact  that  some  of  them  are  present  in  native  potassium  salts  (sylvinite,  carnallite,  and  others).  Some  of  these 
substances  gave  positive  results  in  preliminary  experiments  (conducted  jointly  with  Zh.  V.  Kirillova  in  1955). 

The  results  of  these  experiments  are  given  In  Tables  1-3. 

It  follows  from  these  data  that  the  best  results  are  obtained  with  addition  of  calcium  oxide  which,  at  98% 
dehydration,  gives  a  product  with  an  average  content  of  97. 1%  available  P205.  The  next  in  order  of  effectiveness 
is  magnesium  sulfate,  which  gives  92.6%  available  P2O5  at  99%  dehydration.  Next  In  order  are  calcium  and 
magnesium  chlorides,  and  magnesium  oxide. 

It  must  be  noted  that  additions  of  CaO,  MgCl2,  MgO,  CaCl2,  MgS04,  while  increasing  the  total  contents 
of  available  P2O5  by  3  to  13%,  cause  a  redistribution  of  the  amounts  of  water-soluble  and  citrate -soluble  P2O5: 
the  content  of  water-soluble  P2O5  is  increased  3  to  3.8-fold.  Comparison  of  the  products  with  and  without 
added  salts  shows  that  the  amounts  of  water-soluble  and  citrate -soluble  P2O5  change  places,  i.e. ,  in  the  former 
case  most  of  the  P2O5  (67-81%)  is  obtained  in  the  water-soluble  form. 

Additions  of  KCl  and  NaCl  produced  no  practical  effects;  addition  of  5%  NaCl  doubled  the  content  of 
water-soluble  P2O5,  but  the  total  content  of  available  P2O5  fell  by  5%  Additions  of  1  or  3%  of  CaO  and  MgCl2 
were  also  Ineffective. 

In  subsequent  experiments  .with  additives  the  amounts  of  CaO  and  MgCl2  were  increased  to  7  5%. 

The  experiments  show  that  with  7.5%  additions  the  best  results  are  again  obtained  with  calcium  oxide: 
at  97%  dehydration  the  product  contained  98,5%  available  P2O5  and  about  75%  water-soluble  P2O5. 

In  experiments  with  10%  additions, a  completely  water-soluble  product  was  obtained  with  addition  of 
MgCl2.  At  98.3%  dehydration,  100%  of  the  P2O5  is  water  soluble 


•The  term  "water-soluble  P2O5*  is  taken  as  the  amount  of  P2O5  determined  in  an  aqueous  extract  made  by  dis¬ 
solution  of  a  sample  of  the  salt  as  in  the  method  for  determination  of  available  PaOs- 
••Available  P2O5  is  the  sum  of  water-  and  citrate -soluble  P2OS. 
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TABLE  1 


Effects  of  Added  Salts  on  the  Solubility  of  Potassium  Metaphosphate.  Additives  were 
Introduced  In  amounts,  temperature  320-330*,  heating  time  15  minutes 


Additive  ' 

Total  P1O5 
content  of 
product 

Degree 
of  dehy¬ 
dration 
of  salt 
(%) 

1 

Contents  of 

available  PA,,,,., 
total  PPs  ^ 

water-  ' 
soluble  ! 

1 

citrate- 

soluble 

’A 

available 
P1O5  ( %) 

No  additive  j 

59.1 

59.4 

98.3 

98.7 

11.8 

13.2 

38.3 

36.8 

50.1 

49.9 

84.7 

83.5 

KCl  { 

57.7 

100.0 

8.6 

37.5 

46.  i 

82.5 

•56.0 

98.1 

11.3 

38.8 

r»o.i 

87.0 

NnCl  { 

57.3 

1(K).0 

26.4 

18.9 

45.3 

79.0 

57.6 

KKl.O 

23.7 

22.1 

45.8 

79.5 

CaCla  j 

55.4 

97.2 

46.0 

5.0 

51.0 

92.0 

55.4 

97.2 

42.2 

8.1 

50.3 

91.0 

( 

56.0 

98.0 

28.5 

26.5 

55.0 

98.3 

CaO  1 

56.0 

98.0 

32.7 

20.8 

53.5 

95.5 

56.2 

98.6 

37.8 

13.9 

53.7 

95.6 

1 

55.5 

97.3 

43.2  * 

11.8 

55.0 

99.0 

MgCla  •  6H2O  j 

54.3 

53.6 

95.5 

94.2 

36.9 

41.1 

10.3 

8.5 

47.2 

49.6 

87.0 

92.5  •  • 

MgClz  { 

56.0 

98.0 

36.2 

11.2 

47.4 

84.6 

55.8 

97.9 

35.6 

14.0 

49.6 

89.0 

MgS04  j 

56.2 

98.5 

42.4 

10.3 

52.7 

94.9 

56.8 

99.5 

34.2 

17.1 

51.3 

90.3 

1 

55.6 

97.5 

40.7 

8.5 

49.5 

89.a 

MgO 

56.1 

98.5 

38.7 

11.4 

49.8 

88.9 

53.8 

94.5 

40.9 

9.2 

50.1 

93.0 

•Aqueous  extracts  from  samples  with  added  CaO  and  CaClj  were  turbid. 
•  ‘Duration  of  experiments  with  addition  of  MgClj  6HjO  —  30  minutes. 


TABLE  2 

Effects  of  Added  Salts  on  the  Solubility  of  Potassium  Metaphosphate. 

Additives  were  Introduced  In  7. 5%  amounts,  temperature  320-330",  heating  time  15 
minutes. 


Additive 

Total  PA 
content  of 
product 

Degree  of 
dehydra¬ 
tion  {%) 

Contents  of 

available  PA^. 

water- 

soluble 

PjOg  (>) 

citrate - 
soluble 

PA 

available 

PA  (‘^») 

total  PA  ^ 

MgCl2  { 

53.9 

97.4 

50.0 

2.4 

52.4 

97.4 

54.4 

98.0 

44.3 

5.3 

49.6 

91.4 

MgO  ( 

52.0 

94.0 

51.2 

1.6 

52.8 

100.0 

51.8 

93.6 

47.1 

5.3 

52.4 

100.0 

55.5 

100.0 

40.3 

10.5 

50.8 

91.7 

LiALjl2  { 

52.6 

95.0 

45.6 

5.4 

51.0 

97.0 

53.1 

96.0 

37.9 

15.2 

53.1 

100.0 

i-jfl  w  \ 

54.0 

97.4 

42.6 

9.8 

52.4 

97.0 

965 


TABLE  3 


Effects  of  Added  Salts  on  the  Solubility  of  Potassium  Metaphosphate.  Additives  were  Intro¬ 
duced  In  10%  amounts,  temperature  320-330“,  heating  time  15  minutes 


Total  PjOj 
content  of 

Degree 
of  dehy- 

Contents  of 

available 

product 

water- 

soluble 

citrate- 

Additive 

dration 

available  I 

total  P2O5  ^  ^ 

(%) 

(%) 

PA  (%) 

Pi05(%)  j 

MgCh  j 

53.1 

98.5 

53.1 

Not  deter¬ 
mined 

53.7 

100.0 

52.9 

98.0 

52.7 

Same 

52.7 

100.0 

MgO  { 

51.0 

95.0 

44.1 

7.6 

51.7 

100.0 

51.2 

95.3 

43.9 

4.3 

48.2 

94.4 

CaCl.,  j 

51.3 

95.3 

49.0 

2.2 

51.2 

100.0 

51.4 

95.5 

47.1 

4.0 

51.1 

99.5 

CaO  j 

51.9 

96.5 

40.6 

12.0 

52.6 

KKl.O 

51.8 

96.3 

36.2 

1 1.6 

.5().S 

98.5 

A 


Fig.  1.  Solubility  of  potassium  metaphos¬ 
phate  as  a  function  of  the  amount  of  water 
left  after  dehydration;  A)  PjOs  content  (%i 
B)  water  content  (moles);  P2O5  content  (%); 
1)  total,  2)  available,  3)  citrate -soluble, 
4)  water-soluble. 


In  experiments  with  additions  of  magnesium  chloride 
hexahydrate  the  degree  of  dehydration  was  lower,  but  the  pro¬ 
portion  of  available  P2O5  was  higher  than  In  experiments  with 
anhydrous  magnesium  chloride.  This,  together  with  the  re¬ 
sults  of  the  preceding  experiments  with  different  times  of 
heating  of  KHjPO^,  suggested  experiments  on  partial  dehydra¬ 
tion  of  the  salt  In  order  to  obtain  soluble  products. 

The  results  are  given  In  Fig.  1 

These  experiments  showed  that  a  completely  water- 
soluble  product  Is  obtained  when  the  original  monopotassium 
phosphate  Is  48%  dehydrated,  l.e. ,  when  about  half  the  water 
content  Is  retained  In  the  product.  This  product  was  hygro¬ 
scopic,  with  a  hygroscopic ity  of  over  10  points  on  Pestov’s 
scale  [8].  It  seems  that  the  partial  dehydration  as  the  result 
of  exposure  of  the  salt  for  different  times  at  320* did  not  ylel(jl 
a  salt  of  definite  composition,  but  a  mixture  of  phosphates  of 
different  degrees  of  hydration  was  obtained. 

In  experiments  on  dehydration  of  monopotassium  ortho¬ 
phosphate  at  960-1000“  the  effects  of  additives  and  chilling 
on  the  solubility  of  the  product  were  studied.  The  results  are 
given  In  Table  .4. 


The  experiments  showed  that  chilling  In  air  does  not  result  In  uniform  rapid  cooling  of  the  whole  melt; 
part  was  obtained  In  the  form  of  a  transparent  glass  and  the  rest  In  the  form  of  opaque  white  glass.  In  experi¬ 
ments  with  chilling  In  petrolatum  th.e  product  was  obtained  In  the  form  of  small  spheroidal  granules. 

The  following  additives  were  tested:  Fe^Os,  AI2O3,  NaCl,  KCl,  MgCl2,  CaCl2,  SIO2.  Experiments  with  oil 
chilling  showed  that  a  completely  water-soluble  product  Is  obtained  with  3%  amounts  of  the  following  additives: 
CaCl2,  AI2O3,  MgCl2,  NaCl.  The  same  additives  In  1%  amounts  may  probably  give  a  soluble  product  If  the 
melt  Is  dispersed  more  finely  In  the  oil  during  chilling.  l%of  Fe203  Is  enough  to  give  a  completely  water- 
soluble  product.  Addition  of  only  0.5%Fe2O3  resulted  In  a  glassy  product  containing  100%  of  water-soluble  P2O5 
It  became  devltrlfled  after  some  time. 
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TABLE  4 

Effect  of  Additives  on  the  Solubility  of  Potassium  Metaphosphate. Temperature  960 
1000*,  heating  time  15  minutes,  air  chilling 


Amount 

P*Ob 

In  prod¬ 
uct  (7i) 

Degree 
of  dehy¬ 
dration 

Contents  of  available 
(%) 

available  P^Og 

Additive 

added 

(%) 

citrate - 
soluble 

water- 

soluble 

total 

total  PjOj  ^ 

Mixture 

No  additive  | 

— 

60.2 

59.6 

100.0 

99.2 

8.2 

7.8 

39.7 

41.3 

47.9 
•  49.2 

79.7 

81.8 

( 

1 

58.2 

98.0 

13.7 

44.2 

.57.9 

98.5 

NaCl  1 

1 

59.1 

99.2 

12.0 

41.5 

53.5 

89.6 

5 

56.8 

99.5 

.56.8 

— 

56.8 

1(K).0 

1 

5 

56.8 

99.5 

56.8 

— 

56.8 

100.0 

( 

1 

59.0 

99.2 

18.1 

38.9 

57.0 

96.8 

MgCl, 

1 

59.1 

99.2 

15.1 

40.0 

55.1 

93.1 

5 

57.5 

100.0 

57.5 

— 

.57.5 

100.0 

1 

5 

56.8 

99.5 

56.8 

— 

.56.8 

100.0 

SiOa  j 

5 

57.2 

1(H).0 

57.2 

_ 

57.2 

100.0 

5 

57.2 

1(H).0 

57.2 

.57.2 

100.0 

Fig.  2.  Thermograms  of  KH2PO4  dehydration:  a)  without  additive,  b)  7.5<^ 
MgClj,  c)  7.5*70  CaClj.  d)  7.5*7)  CaO,  e)7.5*7oMgO. 


Addition  of  SIO^  gave  a  completely  water-soluble  product  only  If  not  less  than  5*7>was  added.  No  effect 
was  produced  by  addition  even  of  5*7»  KCl. 

The  products  formed  at  320  -  330*  and  960-1000*  were  investigated  to  determine  whether  they  can  be  used 
as  water -softening  agents.  The  so-called  "barium  number"  was  determined  in  accordance  with  the  existing 
tentative  technical  specifications  for  metaphosphates. 
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The  experiments  confirmed  literature  reports  that  the  product  made  at  320-330"  does  not  bind  Ba  or  Ca 
Ions.  The  samples  contained  56.2  and  55.9‘yoPi05  and  had  activities  of  6.  S-S^ya 

Metaphosphates  made  at  960-1000’  had  the  following  characteristics;  the  product  with  addition  of  1% 
FejOshad  67<yo  activity,  with  2%-  68.7%,  and  with  3%-  53% 

Sodium  metaphosphate  prepared  under  analogous  conditions  had  84.  6%  activity.  A  product  containing 
equal  amounts  of  KPOj  and  NaPOj  had  81. 5%  activity;  a  product  containing  30%  NaP03  and  70%  KPOj,  had 
78%  activity. 

According  to  the  1954  tentative  technical  specifications,  sodium  hexametaphosphate  should  have  not  less 
than  76%  activity  by  the  barium  chloride  method.  Therefore  the  product  obtained  at  320-330’  is  unsuitable  for 
water  softening;  the  product  made  at  960-1000’  with  addition  of  l%Fe203  Is  suitable,  but  Is  somewhat  less 
active  than  sodium  metaphosphate. 

In  practice, a  mixed  product  consisting  of  potassium  and  sodium  metaphosphates  made  from  native  sylvinite 
may  be  used  In  the  production  of  water -softening  agents. 

For  investigation  of  the  influence  of  added  salts  on  the  dehydration  of  monopotassium  orthophosphate, the 
process  was  studied  thermographically, 

A  Kurnakov  pyrometer  with  automatic  recording  of  the  heating  curves  was  used  for  the  Investigation.  The 
furnace  with  the  test  sample  of  salt  was  heated  up  uniformly  ("linearly").  The  salt  samples  were  contained  In 
Stepanov  vessels  about  3  ml  in  capacity.  The  furnace  was  heated  up  at  a  rate  of  ?  per  minute.  Aluminum 
oxide  was  used  as  the  reference  standard.  The  differential  thermocouple  was  connected  to  the  galvanometer 
In  such  a  manner  that  endothermal  processes  gave  deflections  In  the  direction  of  the  abscissa  axis  In  the  recorded 
graplis. 

The  vessel  containing  the  salt  was  weighed  before  and  after  the  heating.  The  degree  of  dehydration 
reached  during  tlie  experiment  was  found  from  the  loss  In  weight,  and  the  final  product  was  analyzed  for  total 

P2O5. 

Thermograms  were  obtained  for  the  dehydration  of  pure  potassium  orthophosphate  and  with  7.5%  additions 
of  calcium  and  magnesium  chlorides  and  oxides  (Fig.  2), 

SUMMARY 

1.  The  effects  of  various  additives  In  potassium  metaphosphate  made  at  320-330’  were  studied;  the 
greatest  effects  were  produced  by  calcium  oxide  and  magnesium  chloride.  With  5%  of  calcium  oxide, 97. 1% 

P2O5  passed  into  available  form;  of  this,  was  In  the  water-soluble  form  (at  98% dehydration). 

Under  laboratory  conditions  the  product  was  nonhygroscopic  and  free-flowing.  This  product  can  be  used  as  a 
highly -concentrated  compound  fertilizer  for  acid  and  neutral  soils 

2.  Partial  dehydration  of  monopotassium  phosphate  yields  a  completely  water-soluble  product  on  removal 
of  about  one  half  of  Its  water;  this  gives  a  mixture  of  polyphosphates  of  different  degrees  of  dehydration.  The 
hygroscopicity  of  this  product  is  over  10  points  on  the  Pestov  scale,  i  e. ,  It  Is  not  very  suitable  in  practice  as  a 
fertilizer.  When  over  48%  water  Is  removed,  the  amounts  of  water-soluble  and  available  P2O5  in  the  product 
gradually  decrease. 

3.  When  potassium  metaphosphates  are  made  at  960-1000’,  a  completely  water-soluble  product  may  be 
obtained  by  addition  of  l%Fe203  to  the  ortho  salt.  The  same  result  Is  obtained  on  addition  of  3%CaCl2, 

MgCl2,  NaCl,  AI2O3  or  5%Si02. 

Chilling  Is  required  for  the  formation  of  a  water-soluble  product;  chilling  in  oil  Is  more  effective  than 
air  chilling. 

In  tests  of  the  suitability  of  potassium  metaphosphate  as  a  component  of  detergents  it  was  found  that  the 
product  made  with  addition  of  had  67%  activity  (by  the  barium  chloride  method),  whereas  a  product 

containing  equal  amounts  of  KPO3  and  NaP03  had  81.5%  activity,  which  is  nearly  as  high  as  the  activity  of  NaP03 
used  industrially. 
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4.  Thermographic  investigation  of  dehydration  of  monopotassium  phosphates,  with  and  without  various 
additives,  up  to  400*  showed  that  most  of  the  additives  slightly  lower  the  final  dehydration  temperature  (by 
15-30*)  without  influencing  the  main  course  of  the  process. 
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CRYSTALLIZATION  OF  CALCIUM  SULFATE  FROM  SOLUTIONS  OF 


WET-PROCESS  PHOSPHORIC  ACID 

E.  V.  Khamskli  and  M.  L.  C  h  e  p  e  1  e  ve  t  s  k  i  i 

The  Prof.  Ya.  V.  Samoilov  Scientific  Institute  for  Fertilizers  and  Insectofungicldes 


Studies  of  the  crystallization  of  calcium  sulfate  from  phosphoric  acid  solutions  are  closely  connected  with 
the  production  of  H3PO4  by  the  sulfuric  acid  wet  process. 

The  technology  of  this  process  is  largely  determined  by  the  hydrate  form  in  which  the  calcium  sulfate 
crystallizes.  Accordingly,  a  distinction  is  made  between  the  dihydrate,  hemihydrate,  and  anhydrite  methods  of 
acid  production  [1].  The  main  condition  in  the  production  of  phosphoric  acid  by  the  dihydrate  method  is  ab¬ 
sence  of  calcium  sulfate  hemihydrate  in  the  solid  phdse  at  the  end  of  the  extraction  process.  It  is  necessary  to 
conform  to  this  condition  in  order  to  avoid  "setting"  of  the  slurry  during  washing  on  the  filters.  Therefore  for 
the  dIhydrate  process  it  Is  necessary  to  kAow  at  what  temperatures  and  P2O5  concentrations  the  solid  phase  reach¬ 
ing  the  filters  consists  of  CaS04  •  2H20,  only. 

It  Is  known  from  earlier  publications  [2,3]  that  over  a  wide  range  of  H3PO4  concentrations  and  temperatures 
the  first  substance  to  be  precipitated  Is  the  metastable  CaS04  •  0.5  H2O,  which  is  converted  either  Into  the  dl- 
hydrate  or  Into  anhydrite,  according  to  the  crystallization  conditions.  Thus,  the  possibility  of  obtaining  wet- 
process  acid  by  the  dihydrate  method  is  determined  by  the  time  required  for  the  conversion  CaS04  •  0.5  H2O  _► 

-*  CaS04  •  2H2O.  Since  the  time  required  for  this  conversion  increases  with  increasing  P2O5  content  In  the 
liquid  phase  [2],  there  is  a  limiting  concentration  for  each  temperature  at  which  all  the  hemihydrate  Is  converted 
Into  the  dihydrate  during  the  extraction  time. 

Since  the  above-mentioned  Investigations  were  performed  with  solutions  of  chemically  pure  H3PO4,  with 
equimolecular  Ca0/S03  ratio  In  the  liquid  phase, it  was  necessary  to  test  the  above  considerations  under  condi¬ 
tions  resembling  production  conditions  more  closely.  In  the  production  of  phosphoric  acid, calcium  sulfate  crystal¬ 
lizes  in  presence  of  a  number  of  impurities  and,  as  a  rule,  in  presence  of  excess  Ca"  or  SO4"  ions  in  the  liquid 
phase;  moreover,  under  production  conditions, crystallization  takes  place  in  the  presence  of  large  amounts  of 
crystals  already  formed. 

Nevertheless,  as  was  shown  by  Gibbs  [4],  the  probability  of  formation  of  any  particular  phase  Is  determined 
by  the  change  of  free  energy  in  its  formation,  while  the  latter  in  its  turn  depends  considerably  both  on  the  presence 
of  impurities  and  on  the  presence  of  seed  crystals. 

Tammann  [5]  also  noted  that  the  presence  of  impurities  may  lead  to  total  disappearance  of  the  nuclei  of 
one  metastable  phase  and  to  increase  of  the  stability  of  another. 

In  the  conditions  of  the  wet  process  for  phosphoric  acid,  both  the  hemihydrate  and  the  dihydrate  of  calcium 
sulfate  are  metastable  phases.  It  was  therefore  to  be  expected  that  impurities,  and  excess  of  either  crystal - 
forming  ion  (Ca*  ‘  or  SO4")  may  have  significant  effects  on  the  probability  of  formation  and  the  stability  of 
these  hydrates,  and  that  the  crystallization  of  calcium  sulfate  under  technical  conditions  differs  from  its  crystal¬ 
lization  in  chemically  pure  solutions. 

Accordingly,  the  purpose  of  the  present  investigation  was  to  study  the  crystallization  of  calcium  sulfate 
under  approximately  the  technological  conditions,  in  order  to  obtain  phosphoric  acid  of  high  concentration  by  the 
dihydrate  process. 
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EXPERIMENTAL 


Experiments  on  crystallization  of  calcium  sulfate  were  carried  out  In  a  glass  vessel  fitted  with  a  stirrer, 
kept  at  constant  temperature  to  the  nearest  ±0.05*.  The  reagents  used  were  flotation  apatite,  wet-process  phos¬ 
phoric  acid,  chemically  pure  phosphoric  and  sulfuric  acids,  fluoslllcic  and  hydrofluoric  acids,  calcium  carbonate, 
ammonium  hydroxide  of  analytical  reagent  grade,  and  pure  ferric  hydroxide. 

The  experiments  were  conducted  as  follows.  A  solution  of  phosphoric  acid  heated  to  the  required  tempera¬ 
ture  was  put  In  the  vessel,  and  apatite  and  sulfuric  acid  were  Introduced  with  continuous  stirring;  to  keep  the 
concentration  of  the  liquid  phase  constant  throughout  the  experiment,  the  calculated  amount  of  water  was  added. 
In  a  number  of  experiments,  a  solution  of  monocalcium  phosphate  In  sulfuric  acid  was  put  Into  the  reaction 
vessel  Instead  of  apatite. 

Samples  of  the  liquid  and  solid  phases  were  taken  at  definite  time  Intervals.  The  phases  were  separated 
by  filtration  on  suction  filters.  After  the  separation,  the  solid  phase  was  washed  with  ethyl  acetate  until  neutral 
to  methyl  orange,  and  dried  at  room  temperature  until  the  ester  odor  disappeared.  The  liquid  phase  was  analyzed 
for  P2O5,  CaO  and  SOj,  and  the  solid  phase  for  water  of  crystallization.  The  refractive  Indices  of  some  of  the 
solid -phase  samples  were  determined. 

PjOg  was  determined  by  the  photocolorlmetric  method,  SO3  by  precipitation  of  SO4"  as  BaS04,  and  CaO 
by  Chapman’s  method.  For  determination  of  the  water  of  crystallization  the  samples  were  dried  to  constant 
weight  under  an  Infrared  lamp.  The  refractive  Indices  were  determined  by  the  Immersion  method. 

The  experimental  data  presented  below  represent  the  results  of  studies  of  three  problems. 

The  problem  In  the  first  series  of  experiments  was  to  determine  the  degree  of  hydration  of  the  calcium 
sulfate  Initially  precipitated  during  crystallization  from  solutions  of  wet-process  phosphoric  acid. 

The  results  of  these  experiments  are  summarized  In  Table  1. 


TABLE  I 

Contents  of  Water  of  Crystallization  In  Calcium  Sulfate  Samples  2-3  Minutes  after 
Precipitation  from  Phosphoric  Acid  Solutions  at  70" 


Solid  phase 

Composition  of  liquid  phase 

refractive 

indices 

content  of 
H2O  of 
crystalliza¬ 
tion  (7o)  1 

composition  of 

Ng 

Np 

solid  phase 

Sol. of  chem. 

.  H3PO4.  P2O5  35'Vo 

1..577 

1..5.56 

6.61 

Hemihydrate 

same .  H3l’04,  P2O5  3.5%,  FeaO.,^ 

1..532 

1..523 

11.41 

Mixture  of  di- 

10/0.  SO3  lo/„,  AI2O3  0..3%,  F  0.9  Vo,  1 
SiOa  0.4 '/o 

1.577 

1..556 

hydrate  and 
hemihydrate 

SoLchan^jire  H3PO4,  P2O5  3.5%,  FC2O3 
I..50/0,  b03  1..5«/„,  Al2O3  0.()%,  F  0.9%, 
SiOg  0.4% 

1..532 

1.523 

18.01 

Dihydrate  with 
admixture  of 
hemihydrate 

Sol.chempure  H3PO4,  P2O5  35%,  Fe203 
2.1%,  SO3  2.7%.  AI2O3  1.6%,  F  1%, 
SiOa  0.5% 

1..532 

1.523 

20.21 

Dihydrate 

Sol. of  wet-process . H3PO4,  PaOr, 

3.5<yo,  FC2O3  0.3%,  SO3  2..5%,  AI2O; 
\%,  F  1.44%.  SiOa  0.6% 

1.532 

1..523 

19.48 

Dihydrate 

The  data  In  Table  1  show  that  under  technical  conditions.  In  contrast  to  solutions  of  chemically  pure 
H3PO4,  calcium  sulfate  dIhydrate  Is  precipitated  first. 

It  is  clear  from  Table  1  that  the  change  In  the  order  of  phase  crystallization  in  the  transition  from  chem¬ 
ically  pure  to  technical  H3PO4  solution  Is  caused  by  the  presence  of  Impurities. 
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The  second  series  of  experiments  consisted  of  a  study  of  the  crystallization  of  calcium  sulfate  from  solutions 
of  wet-process  phosphoric  acid  of  different  concentrations  (as  P2O5),  at  different  temperatures,  and  with  different 
CaO/SOs  ratios  in  the  liquid  phase. 

The  purpose  of  these  experiments  was  to  determine  the  degree  of  hydration  of  calcium  sulfate  precipitated 
under  different  conditions,  with  different  compositions  of  the  medium,  and  at  different  temperatures.  The  water 
of  crystallization  in  the  precipitates  was  determined  15-20  minutes  after  the  start  of  crystallization.  The  results 
are  given  in  Table  2. 

TABLE  2 

Contents  of  Water  of  Crystallization  In  Calcium  Sulfate  Precipitates  15-20  Minutes 
-  After  Precipitation  from  Wet-Process  Phosphoric  Acid  Solutions  at  Different  Tern  - 
peratures 


Tem¬ 

perature 

Composition  of  liquid  phase  (%) 

Water  of 
crystalliza¬ 
tion  in  solid 

Composition  of 

("C) 

P,0. 

Car)  1 

1 

1 

S(h 

CaO/SOj 

(molar) 

phase  {^0) 

solid  phase 

38.0 

0.25 

0.51 

0.7 

20.2 

Gypsum 

70 

39.1 

0.24 

0.52 

0.7 

16.3 

Mixture  of  gvpsum 
and  hemihydrate 

75 

40.0 

0.25 

0.01 

0.54 

0.7 

7.4 

Hemihydrate  with 
admixture  of  gypsum 

35.0 

3.10 

0.(K)4 

20.2 

Gypsum 

NO 

35.0 

0.02 

3.10 

0.010 

19.0 

Gypsum  with  admix¬ 
ture  of  hemihydrate 

N2.5 

35.0 

0.02 

3.20 

0.(M»9 

12.5 

*1  Mixture  of  gypsum 

«5 

35.0 

0.05 

3.20 

0.3 

ll.s 

/  and  hemihydrate 

87.5 

3.5.0 

0.06 

3.40 

0.3 

7.4 

Hemihydrate  with 
admixture  of  cypsum 

80 

3.5.0 

0.95 

0.25 

5.4 

20.1 

3ypsum 

82.5 

35.0 

0.95 

0.26 

5.3 

15.8 

1  Mixture  of  gypsum 
)  and  hemihydrate 

85.0 

35.0 

0.97 

0.26 

5.3 

13.5 

87.5 

35.0 

0.99 

0.20 

1 

7.0 

9.0 

Hemihydrate  with 
admixture  of  gypsum 

TABLE  3 

Contents  of  Water  of  Crystallization  in  the  Solid  Phase  Formed  During  Extraction 
of  with  Different  CaO/SOs  Ratios  in  the  Liquid  Phase 


Water. of 

Tem¬ 

perature 

(”C) 

Composition  of  liquid  phase  (70) 

crystal¬ 
lization 
in  solid 

Composition 

of  solid  phase 

P,0. 

CaO 

so. 

CaO/SO, 

1 

0.04 

0.11 

2.10 

1.10 

0.03 

0.14 

6.9 

6.5 

1  Hemihydrate 

60 

39.2 

1 

0.76 

0.96 

0.22 

0.25 

5.0 

5.4 

17.5 

19.6 

]  Gypsum  with 
>  admixture  of 

36.4 

0.07 

2.74 

0.04 

18.7 

I  hemihydrate 

.0 

36.4 

0.56 

0.42 

1.8 

20.1 

Gypsum 

38.1 

0.05 

3.31 

0.014 

5.7 

Hemihydrate 

[ 

38.1 

0.64 

0.43 

2.1 

13.6 

Mixture  of 
gypsum  and 
nemihydrate 
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It  follows  from  the  data  in  Table  2  that  with  Increase  of  the  CaO/SOs  ratio  calcium  sulfate  can  crystallize 
as  the  dlhydrate  in  more  highly  concentrated  phosphoric  acid  solutions  and  at  higher  temperatures. 

In  the  third  series  of  experiments  the  technological  conditions  for  production  of  phosphoric  acid  were 
simulated  and  the  composition  of  the  solid  phase  at  the  end  of  the  extraction  was  studied. 

For  this  purpose  the  water  of  crystallization  was  determined  in  samples  of  the  solid  phase  taken  8  hours 
after  the  start  of  each  experiment.  The  results  are  given  in  Table  3. 

The  data  in  Table  3  show  that  increase  of  the  CaO/SOs  ratio  in  the  liquid  phase  Increases  stability  of 
the  dlhydrate  in  solutions  of  wet-process  phosphoric  acid. 

DISCUSSION  OF  RESULTS 

The  results  show  that  the  presence  of  impurities  in  solutions  of  wet-process  phosphoric  acid  favors  crystal¬ 
lization  of  calcium  sulfate  in  the  dlhydrate  form. 

Increase  of  the  CaO/SOs  ratio  in  the  liquid  phase  is  a  necessary  condition  for  Increasing  the  stability  of 
calcium  sulfate  dlhydrate.  The  action  mechanism  of  the  impurities  in  this  case  evidently  consists  of  a  decrease 
of  the  change  of  free  energy  in  the  formation  of  CaS04  •  2HjO  and  an  increase  of  the  change  of  free  energy 
in  the  formation  of  €2604  *  V  HjO-  This  example  demonstrates  once  again  the  important  role  of  impurities 
in  solution  in  the  formation  of  new  phases  and  production  of  real  crystals  with  modified  properties. 

The  Influence  of  the  CaO/SOj  ratio  on  the  degree  of  hydration  of  crystallizing  calcium  sulfate  may  be 
explained  as  follows. 

Increase  of  the  content  of  calcium  ions  in  solution  results  in  partial  neutralization  of  the  hydrogen  ions  of 
phosphoric  acid  and.  in  consequence,  in‘an  increase  of  the  vapor  pressure  of  the  solution.  The  latter  effect 
favors  formation  of  CaS04  *  2HjO  .  Moreover,  increase  of  the  calcium  ion  concentration  leads  to  increased 
contents  of  phosphate  ions  and  admixtures  of  other  anions  in  the  solid  phase  as  the  result  of  formation  of  a 
limited  solid  solution.  A  solid  solution  of  calcium  phosphate  and  sulfate  is  formed  more  easily  if  the  sulfate 
crystallizes  as  CaS04  •  2H2O.  This  is  because  CaS04  *  2H2O  and  CaHP04  •  2H2O  crystallize  in  the  same  mono 
clinic  crystal  system,  while  CaS04  •  V2H2O  crystallizes  in  the  hexagonal  system.  The  increased  stability  of  the 
dlhydrate  with  increase  of  the  calcium  ion  concentration  in  the  solution  can  also  be  attributed  to  the  creation 
of  favorable  conditions  for  the  formation  of  these  solid  solutions. 

These  results  alter  the  existing  concepts  of  the  physicochemical  principles  of  the  dlhydrate  process  of 
phosphoric  acid  production.  If  the  first  substance  to  be  precipitated  during  the  extraction  is  CaS04  •  2H2O  (and 
not  the  hemihydrate,  as  is  the  case  in  solutions  of  chemically  pure  11^04),  then  the  formation  of  acid  by  the 
dlhydrate  process  is  determined  not  by  the  kinetics  of  the  CaS04  H2O  -►  CaS04  *21120  conversion  but  by 
conditions  which  favor  primary  crystallization  of  calcium  sulfate  in  the  dihydrate  form.  The  discovery  of  the 
influence  of  Ca0/S03  ratio  on  the  crystallization  of  calcium  sulfate  opens  up  new  possibilities  for  regulation 
of  the  wet  extraction  process  by  variations  of  the  amounts  of  sulfuric  acid  and  phosphate  rock  fed  into  the 
digesters.  The  above  experimental  results  show  that  phosphoric  acid  of  relatively  high  concentration  can  be 
obtained  by  the  dlhydrate  method.  For  example,  if  the  digestion  is  effected  at  70*  with  a  molar  Ca0/S03 
ratio  of  the  order  of  2.0-2.8  in  the  liquid  phase  of  the  first  digester,  an  acid  product  containing  34-38% P2O5 
and  over  can  be  obtained. 


SUMMARY 

1.  At  temperatures  of  60-80*,  under  definite  conditions,  the  first  substance  to  be  precipitated  from  solutions 
of  wet-process  phosphoric  acid  may  be  calcium  sulfate  dihydrate. 

2.  Increase  of  the  Ca0/S03  ratio  in  H^04  solutions  favors  crystallization  of  calcium  sulfate  as  the  di¬ 
hydrate,  and  Increases  the  stability  of  the  latter. 

3.  It  is  shown  that  wet-process  phosphoric  acid  containing  34-38%  P2O5,  can  be  made  by  the  dihydrate 
method. 
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USE  OF  p-PHENYLENEDIAMINE  AS  OXIDATION  INHIBITOR  FOR 
AMMONIUM  SULFITE  -  BISULFITE  SOLUTIONS 

B.  A.  Chertkov 


In  the  ammonia  cyclic  process  for  removal  of  SOj  from  flue  gases, about  0,1%  by  weight  of  technical 
p-phenylenediamine  is  added  to  the  liquor  to  inhibit  oxidation  [1,2]. 

The  choice  of  p-phenylenediamine  as  the  oxidation  Inhibitor  for  ammonium  sulflte~bisulflte  solutions  was 
based  on  the  work  of  ZITberman  and  Ivanov  [3],  who  found  that  p-phenylenedlamine  was  the  most  effective 
substance  In  protecting  sodium  sulfite  and  bisulfite  solutions,  which  are  analogous  In  properties,  against  oxidation. 

According  to  the  most  widely  held  theory,  the  mechanism  of  Inhibitor  action  is  that  Its  molecules  terminate 
the  oxidation  chain  reaction  taking  place  In  the  reaction  volume,  and  prevent  Initiation  of  new  chains  [4,5].  In 
Kashtanov's  opinion,  the  Inhibitor  forms  a  complex  compound  with  the  most  active  molecules  of  the  reagent, 
which  have  considerably  higher  polarity  than  the  average  measured  value  [6]. 

There  are  also  other  theories  to  explain  the  mech'anism  of  inhibitor  action  in  the  oxidation  of  solutions, 
but  as  yet  there  Is  no  generally  accepted  theory  which  satisfactorily  explains  all  the  observed  phenomena,  and 
In  particular,  instances  of  the  so-called  "inversion  of  catalysis."  It  Is  therefore  Impossible  to  approach  the 
selection  of  oxidation  inhibitors  on  a  scientific  basis,  and  such  selection  can  usually  be  made  only  on  the  basis  of 
pilot  or  plant  trials. 

We  carried  out  preliminary  tests  of  p-phenylenedlamlne  under  the  conditions  of  the  cyclic  ammonia 
process  for  extraction  of  SOj  from  gases  in  an  experimental  unit,  with  pure  gases  and  solutions  [7],  These 
tests  confirmed  that  p-phenylenediamlne  Is  highly  effective  as  an  oxidation  Inhibitor  for  ammonium  sulfite  — 
bisulfite  solutions. 

However,  the  effectiveness  of  this  inhibitor  was  much  lower  under  industrial  conditions  [1].  The  high 
degree  of  oxidation  of  the  liquor  (at  the  initial  operating  stages  in  the  Industrial  unit  up  to  20%  of  all  the  ab¬ 
sorbed  SOj  was  converted  into  ammonium  sulfate)  suggested  that  the  action  of  the  inhibitor  is  paralyzed  by 
volatile  ash  or  other  impurities  in  the  flue  gas  entering  the  liquor. 

Laboratory  Investigations  were  carried  out  In  this  connection  (by  S.  M.  Golyand,  T.  K.  Krapivina,  and 
R.  A.  Berdyanskaya  in  the  Scientific  Research  Institute  of  Gas  Purification,  by  T.  D.  Averbukh  and  N.  P.  Bakina 
in  the  Ural  Chemical  Scientific  Research  Institute,  and  by  the  present  author  in  a  sulfur -recovery  unit);  the 
results,  although  somewhat  contradictory,  showed  that  there  Is  no  selective  adsorption  of  inhibitor  on  ash 
particles,  but  ash  apparently  has  a  catalytic  effect,  opposite  to  the  action  of  the  inhibitor,  on  the  process. 

A  similar  effect  was  observed  by  Rice  [4],  who  found  that  removal  of  dust  from  the  reaction  system  led  to 
sharp  retardation  of  the  oxidation  of  sodium  sulfite,  and  therefore  he  ascribed  catalytic  activity  to  the  dust 
particles. 

In  order  to  obtain  quantitative  data  necessary  for  comparative  evaluation  of  inhibitor  efficiency  under 
different  conditions,  we  carried  out  an  additional  study  of  the  process  in  relation  to  the  problems  of  the  cyclic 
ammonia  process  for  removal  of  SOj  from  flue  gases. 
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Flg.  1.  Effect  of  additions  of  p-phenyl- 
enedlamlne  on  the  oxidation  rate  of  am¬ 
monium  sulfite— bisulfite  solution  In  air: 
temperature  22* ;  Initial  concentration 
NH,  eff(Cinit)  8  moles/ liter, 

0.8,  thiosulfate  concentration  0;  A) 

S/C  ratio,  B)  (NH4)2S04  concentration 
(moles/ liter),  C)  time  (hours);  1) with¬ 
out  Inhibitor,  2)  with  Inhibitor;  contents 
of  p-phenylenedlamlne  (In  g/ liter);  a) 
3,  b)  2,  c)  l,d)  0.5. 


A 
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Fig.  3.  Effect  of  additions  of  p- 
phenylenedlamlne  on  the  oxida¬ 
tion  rate  of  ammonium  sulfite - 
bisulfite  solution  In  air;  tempera¬ 
ture  22“ ,  7.90  moles/ liter, 

S/Cinit  0-86  and  0,92,  thio¬ 
sulfate  concentration  0.25  mole/ 
liter;  1)  without  Inhibitor,  S/C 
0.92;  2)  the  same,  S/C  0.86:3) 
with  inhibitor,  S/C  0.92;  4)  the 
same,  S/C  0.86;  remaining  des¬ 
ignations  as  in  Fig.  2. 


Fig.  2.  Effect  of  additions  of  p-phenyl- 
enediamine  on  the  oxidation  rate  of  am¬ 
monium  sulfite— bisulfite  solution  In  air: 
temperature  22°,  C^nlt  8.9  moles/ liter, 
S/Cinit  0.91,  thiosulfate  concentration 
0;  designations  as  in  Fig.  1. 


EXPERIMENTAL* 


hlbltor  added  were  varied. 


The  static  method  described  earlier  [2]  was  used 
for  determination  of  the  Inhibiting  effect  of  p-phenylene- 
diamine.  All  the  experiments  were  conducted  under 
Identical  conditions  (at  room  temperature.  In  the  air); 
only  the  Initial  solution  composition  and  amount  of  In- 
The  effectiveness  of  Inhibitor  action  was  estimated  from  the  Increase  of  the  amount 


of  (NH4)S04  In  a  sample  of  liquor  or  from  the  rate  of  oxygen  absorption  Gq 
alent  to  It 


(in  g/m*‘hour)  which  Is  equlv- 


Fig.  1  shows  the  effectiveness  of  the  Inhibitor  action  of  p-phenylenedlamlne  In  the  oxidation  of  pure, 
artificially  prepared  ammonium  sulfite— bisulfite  solution  with  Initial  S/C  ratio*  *  of  0.8. 


•The  experimental  work  was  performed  by  D.  L.  Pukllna  and  T.  I.  Pekareva. 

•  *  The  S/C  ratio  represents  the  S02/NH3gff  molar  ratio  In  solution.  At  S/C  =0.8  the  composition  of  the 
solution  Is  close  to  the  composition  of  the  regenerated  liquor  in  the  ammonia  cyclic  process  for  recovery  of  SOj 
from  flue  gases. 
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It  follows  from  Fig,  1  that  addition  of  the  Inhibitor  lowers  the 
oxidation  rate  of  the  solution  approximately  4  to  5-fold  as  compared 
with  a  sample  without  inhibitor.  Inhibitor  additions  of  3,2, 1,  and  0.5 
g/llter  produce  almost  the  same  effect 

It  should  be  noted  that  a  solution  of  this  initial  composition  is 
oxidized  rather  slowly  even  without  added  Inhibitor,  because  of  the 
low  S/C  ratio  and  the  high  total-concentration  of  the  solution  [2].  This 
Is  also  shown  by  the  continuous  decrease  of  the  S/C  ratio  of  the  solu¬ 
tion  during  oxidation,  also  shown  in  Fig.  1. 

Fig.  2.  represents  the  effect  of  p-phenylenedlamine  on  the  oxida¬ 
tion  of  a  solution  differing  from  the  previous  one  by  having  a  higher 
S/C  ratio, ’equal  to  0.91.  In  this  instance,  as  was  to  be  expected, the 
original  solution  was  oxidized  much  more  rapidly,  but  despite  this  the 
retarding  effect  of  the  inhibitor  was  as  strong  as  before. 

Fig.  3.  represents  the  action  of  p-phenylenedlamine  in  the  oxida¬ 
tion  of  pure  solutions  containing,  in  addition  to  sulflter-bisulfite,  0.25 
mole  per  liter  of  thiosulfate,  which  is  known  to  be  a  powerful  positive 
catalyst  in  the  oxidation  of  such  solutions  [2].  Despite  the  sharp  Increase 
in  the  oxidation  rates  of  the  original  solutions,  the  Inhibiting  effect  of 
p-phenylenediamlne  was  still  very  strong.  Addition  of  1  g  p-phenylene- 
dlamlne  per  liter  decreased  the  oxidation  rate  approximately  10 -fold. 

The  effects  of  additions  of  1,  0.5,  and  0.25  g  of  the  Inhibitor  per 
liter  In  the  oxidation  of  a  solution  containing  0.25  mole  of  thiosulfate 
per  liter  are  compared  in  Fig.  4.  Decrease  of  Inhibitor  concentration 
in  this  range  results  In  some  weakening  of  the  inhibitor  effect,  but  the 
effect  is  still  very  large  even  at  the  lowest  inhibitor  concentration. 

Thus,  the  action  of  p-phenylenediamine  is  not  confined  to  In¬ 
hibition  of  the  direct  oxidation  of  ammonium  sulfite-bisulfite  by  molec¬ 
ular  oxygen;  it  also  paralyzes  the  catalytic  activity  of  ammonium 
thiosulfate  which  is  inevitably  present  in  the  working  liquor  of  sulfur- 
recovery  plants. 

A  fuller  picture  of  the  oxidation  of  the  working  liquor  (filtered  free  of  ash)  in  contact  with  air  is  shown  In 
Figs.  5-7. 

In  these  graphs,  Curve  A  represents  the  decrease  of  ammonia  content  combined  as  sulfite  and  bisulfite, 
while  Curve  C  represents  the  increase  of  ammonia  combined  as  sulfate. 

It  follows  from  Fig.  5  that  oxidation  of  a  liquor  of  initial  S/C  ratio  0.78,  containing  1.37  g  of  p-phenylene¬ 
diamine  per  liter,  proceeds  very  slowly.  The  concentrations  of  ammonium  thiosulfate  and  trithlonate  also 
remain  almost  unchanged;  this  shows  that  the  reactions  of  spontaneous  decomposition  are  also  very  slow  under 
these  conditions. 

Fig.  6  shows  an  Instance  of  almost  total  Inhibition  of  oxidation  of  the  liquor  during  2000  hours  on  addition 
of  3.2  g  of  the  inhibitor  per  liter. 

Fig.  7  represents  another  instance  in  which  the  working  liquor  was  oxidized  relatively  rapidly  with  an 
inhibitor  content  of  1.05  g/liter.  In  this  Instance  rapid  oxidation  was  favored  by  the  high  initial  S/C  ratio  of 
the  solution,  which  rose  rapidly  to  1  and  over,*  ’and  this  in  turn  accelerated  spontaneous  decomposition.  Under 
these  conditions  the  retarding  effect  of  the  inhibitor  was  much  weaker. 
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Fig.  4,  Effect  of  additions  of  p- 
phenylenediamlne  on  the  oxida¬ 
tion  rate  of  ammonium  sulfite- 
bisulfite  solution  in  air:  tempera¬ 
ture  22"  ,  Cijjit  8  moles /liter, 

S/C.  .  0.91,  thiosulfate  con- 

Inlt 

centratlon  0.25  mole/liter;  In¬ 
hibitor  contents  (g/llter):  l)wlth- 
out  inhibitor ,  2)0.25,  3)0.5,  4) 
.1;  remaining  designations  as  in 
Fig.  1. 


•At  S/C  =  0.91  the  composition  of  the  solution  is  close  to  the  composition  of  the  saturated  liquor  in  the  am 
monia  cyclic  process  for  recovery  of  SO^  from  flue  gases. 

•  •This  cannot  occur  in  the  cyclic  process  of  SO2  absorption. 
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Fig.  5.  Course  of  oxidation  and  composition  varia¬ 
tions  of  the  working  liquor  in  contact  with  air: 
temperature  20-22*,  inhibitor  content  1.37  g/ liter; 
B)  contents  of  (NH4)2S203  (Curve  1)  and  (NH4)2S30g 
(Curve  2)  (in  moles/liter);  C)  S/C  ratio;  D)  NH3 
present  as  ammonium  sulfate  (Curve  A)  and  as  am¬ 
monium  sulfite  and  bisulfite  (Curve  CXin  moles/ 
liter);  E)  time  (hours). 


Fig.  6.  Course  of  oxidation  and  com¬ 
position  variations  of  the  working 
liquor  in  contact  with  air;  tempera¬ 
ture  20-22’,  inhibitor  content  3.2 
g/liter;  designations  as  in  Fig. 5. 


The  results  of  all  these  experiments  are  sum¬ 
marized  in  Table  1,  where  the  rate  of  oxygen  ab¬ 
sorption  GQj(in  g/m*  hour)  is  the  measure  of  the 
oxidation  rate  of  the  solution. 

Estimations  of  the  inhibitor  effectiveness  from 
the  data  in  Table  1  show  that  apart  from  the  experi¬ 
ment  with  a  high  S/C  ratio  (average  of  0.94  over  the 
experiment),  in  which  GQ^  was  lowered  only  3  to  4- 
fold  as  the  result  of  addition  of  tlie  inhibitor,  the  de¬ 
creases  of  GOj  were  6  to  10 -fold  in  all  the  experi¬ 
ments. 

The  action  of  p-phenylenediamine  proved 
equally  effective  under  conditions  of  cyclic  extraction 
of  SO2  from  gases  in  a  pilot  unit  (with  piure  gases  and 
solutions)  [7].  Data  characterizing  the  oxidation  of 
the  working  liquor  In  this  unit  are  presented  in 
Table  2. 

The  operation  of  the  plant  can  be  divided  iito 
two  periods  which  differ  substantially.  In  the  first 
period,  without  inhibitor,  the  percentage  oxidation 
of  the  absorbed  SO2  was  high,  and  consequently  the 
NHseff  concentration  in  the  absorbent  liquor  was 
low.  In  the  second  period,  with  inhibitor,  the  per¬ 
centage  oxidation  was  low  and  the  NH3gff  concentra¬ 
tion  in  the  absorbent  liquor  was  high. 

A  noteworthy  fact  Is  that  the  values  of  GOg 
both  during  the  first  and  during  the  second  operating 
pericxls  in  the  pilot  unit  differ  little  in  absolute  mag¬ 
nitude  from  the  values  given  above,  found  in  studies 
of  the  action  of  p-phenylenediamine  under  static 
conditions  (in  the  cold). 

This  indicates  that  this  inhibitor,  in  contrast  to 
many  others,  retains  its  stability  during  the  periodic 
temperature  variations  inherent  in  the  cyclic  process. 

It  can  also  be  concluded  that  the  oxidation  rate  of 
the  solution  apparently  depends  little  on  the  hydro- 
dynamic  process  conditions,  as  the  oxidation  is  de¬ 
termined  by  the  relatively  slow  chemical  reaction 
in  the  liquid  phase  [8]. 

The  following  method  was  used  to  determine 
the  influence  of  ash  and  other  Impurities  present  in 
flue  gas  on  the  effectiveness  of  p-phenylenediamine. 


The  flue  gas  was  drawn  through  two  parallel 

samples  of  solution.  To  one  sample,!  g  of  the  inhibitor  per  liter  was  added  at  the  start  of  the  experiment.  The 
remaining  experimental  conditions  were  identical  for  the  two  samples 

The  results  are  plotted  in  Fig.  8. 

In  presence  of  ash, the  Inhibiting  effect  of  p-phenylenediamlne  was  weaker  than  before;  the  oxidation  rate 
of  the  solution  containing  inhibitor  was  lowered  only  2  to  2.5-fold  as  compared  with  the  solution  without  inhibitor 

This  result  confirms  the  hypothesis  that  In  presence  of  fine  ash  particles  with  a  large  surface  area 


B 


Fig.  7.  Course  of  oxidation  and  composition 
variations  of  the  working  liquor  in  contact 
with  air:  temperature  20-27,  inhibitor  con 
tent  1.05  g/liter;  designations  as  in  Fig.  5. 


TABLE  1 


the  positive  catalytic  effect  of  the  impurities  which  are 
always  present  in  the  liquor  is  stimulated,  and  the  inhibitor 
action  is  therefore  diminished.  This  makes  it  easier  to 
understand  why  the  percentage  oxidation  of  SO2  is  higher 
during  the  first  operating  periods  of  industrial  units  for  ex¬ 
traction  of  SOj  from  flue  gases.  The  principal  cause  is 
undoubtedly  the  high  ash  content  of  the  working  liquor. 

In  conclusion,  we  consider  the  questions.  Important 
in  practice,  of  the  duration  of  inhibitor  action  under  in¬ 
dustrial  conditions,  the  extent  of  inhibitor  losses  in  the 
production  cycle,  and  the  possible  conversion  of  the  in¬ 
hibitor  into  an  inactive  oxidized  form.  For  this  purpose  we 
use  the  material  balance  for  the  inhibitor,  determined  for 
one  operating  period  of  a  unit  for  the  extraction  of  SO2 
from  glue  gases  (Table  3) 

The  material  balance  was  based  on  the  following 
data:  1)  amount  of  inhibitor  Introduced  into  the  system 
(D)  during  a  definite  time  interval;  2)  initial  and  final 
volumes  of  the  working  liquor  in  the  system  over  this  time 
interval  (Uj  and  U2);  3)  losses  of  working  liquor  during 
this  time  Interval  (Ujqjj  );  4)  content  of  the  active  form 
of  the  inhibitor  in  the  liquor, as  determined  by  analysis(aact)- 


Summary  of  Average  Experimental  Data  on  Oxidation  of  Ammonium  Sulfite-Bisulfite 
Solutions  (Free  of  Ash)  in  Air 


s/c 

ratio 

Concentration 
(moles/ liter) 

Value  of 

GQj  (g/m*- 
hour) 

Value  of 

5uffng 

experi¬ 

ment 

Concenttation 
(moles/liter  ) 

Value  of  Gq, 
(g/ m^*  hour) 

NH,eff 

(NH.).S,0, 

NHseff 

(Nn4),s,o, 

W  ithou 

t  inhibitor 

0.86 

6.8 

0 

1.02 

0.77 

8.2 

0 

0.17 

0.81 

5.1 

0 

1.32 

0.885 

7.9 

0.29 

0.26 

0.79 

7.3 

0 

0.64 

0.875 

7.6 

0.26 

0.28 

0.935 

5.5 

0.22 

4.0 

0.83 

8.0 

0.28 

0.09 

0.935 

5.4 

0.26 

3.9 

0.94 

3.8 

0.16 

1.05 

0.87 

5.85 

0.24 

3.2 

0.88 

2.9 

0.25 

0.48 

0.95 

1.45 

0.30 

1.8 

0.83 

2.2 

0.17 

0.47 

0.80 

3.5 

0.15 

0.39 

With  added  inhibitor 

0.78 

4.4 

0.16 

0.32 

1 

1  0/  liter 

1  0.88 

1.6 

0.32 

0.13 

0.855 

1.5 

0.22 

0.21 

0.85 

7.5 

0 

0.19 

1  0.835 

1.2 

0.26 

0.11 

0.78 

7.2 

0 

0.16 

i 

1 

If  the  calculated  total  inhibitor  contents  in  the  liquor  at  the  start  and  end  of  each  time  interval  are  de¬ 
noted  by  aj  and  a2,  the  equation  for  the  material  balance  of  the  inhibitor  can  be  written  as  follows: 


U. 


1-  D  =  f/. . 


U 


lost 


-f-  <*2 


from  which  a2  can  always  be  found  when  a^  is  known: 
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TABLE  2 


Oxidation  of  Working  Liquor  In  the  Pilot  Unit  (Cyclic  Process) 


Linear, 
cas  vel. 
in  ab¬ 
sorbers 
(m/ sec) 

Liquor 
rate  in 
ab^<yb^rs 

•flour) 

Content 

of 

NH,eff 
in  sol. 
(moles/ 
liter) 

Liquor 

regenera¬ 

tion 

temp. 

CC) 

Addition 
of  p- 
phenyl- 
enedi- 

Degree  cf 
oxidation 
of  ab¬ 
sorbed 

SO2  (%) 

Value  of 
G02 
(g/m*  . 
•hour) 

0.7 

3.0 

2.5 

87 

Nil 

18.5 

0.73 

1.0 

3.0 

2.6 

84 

Nil 

17 

0.80 

1.0 

3.0 

2.25 

91 

Nil 

21 

1.20 

1.4 

3.0 

6.6 

99 

0.1*, 

2 

0.16 

1.4 

1.7 

6.0 

101 

0.05  ,  , 

2.1 

0.17 

0.6 

2.2 

7.2 

107 

0.005 

1.5*** 

0.22 

0.6 

2.0 

7.6 

107 

0.01  •• 

0.7**  • 

0.10 

Note 


Surface  area  of 
packing  in  ab¬ 
sorbers  900  m*: 
thiosulfate  con¬ 
centration  in  solu¬ 
tion  0-0.05  mole/ 
liter;  0.3%  of  SOj 
by  volume  in  the 
income  gas;  oxygen 
content  of  incoming 
gas  20%  by  volume. 


•Inhibitor  added  at  start  of  two-week  operating  period. 

•  •Inhibitor  added  dally. 

•  •  •Incoming  gas  contained  1.2 % SO2. 


Fig.  8.  Effect  of  added  p-phenylenedi - 
amine  on  tlie  oxidation  rate  of  the  working 
liquor  in  contact  with  flue  gas  contamin¬ 
ated  with  ash:  A)  S/C  ratio,  B)  concen¬ 
tration  of  (NH^ljSO^  (moles/liter)iC)time 
(hours);  1)  without  Inhibitor,  2)wlth  inhib¬ 
itor,  1  g/ liter. 


The  difference  between  a2  and  a^^^  gives  the  content 
of  Inhibitor  in  inactive  form  in  the  liquor. 

The  liquor  loss  was  found  from  the  ammonia 

balance  for  the  unit.  This  loss  includes  all  forms  of  liquor 
loss  in  the  unit  —  in  the  ash  filtration  section,  with  ammonium 
.sulfate  crystals,  in  spray  from  absorbers,  mechanical  loss,  etc. 
The  average  loss  was  5.3  m®  of  liquor  per  24  hours,  or  about 
220  liters/ hour. 

The  concentration  of  the  active  form  of  the  inhibitor 
in  the  working  liquor  was  determined  by  the  method  worked 
out  by  R.  A.  Berdyanskaya  in  the  Scientific  Research  Institute 
of  Gas  Purification.  The  principle  of  the  method  Is  based  on 
the  formation  of  a  blue  color  when  weakly  acid  solutions  of 
p -phenyl ened famine  are  mixed  with  aniline  and  ferric  choride; 
the  color  intensity  is  determined  colorimetrically.  Oxidation 
products  of  p-phenylenediamine  do  not  give  this  color. 

The  material  balance  in  Table  3  shows  that  p-phenylene¬ 
diamine  retains  its  activity  for  a  long  time  in  industrial  am¬ 
monium  sulfite-bisulfite  liquors.  The  inevitable  and  fairly 
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TABLE  3 


Inhibitor  Balance  In  a  Working  Unit  for  Extraction  of  SOj  from  Flue  Gases 


Time 
from 
start  of 
opera¬ 
tion 
(days) 

Amt. of 
inhibitor 
added 
from  start 
of  opera¬ 
tion  (kg) 

Volume 
of  liquor 
in  system 
(m*) 

Liquor 

loss 

durLig 

period  of 

operatior 

(m») 

Calc. in¬ 
hibitor 
concen¬ 
tration  in 
liquor 
(g/ liter) 

Total 
amt.of 
nhibltor 
lost  with 
liquor 
from  start 
(kg) 

Analyt. 
cont.  of 
active 
Inhibitor 
in  liquor 
(g/ liter) 

Content 

of  inac¬ 
tive  in¬ 
hibitor 
by  dif¬ 
ference) 
(g/ liter) 

Inhibitor 

activity 

(% 

0 

43 

.5.5 

0.8 

0.85 

0 

MH) 

4 

79 

127 

21.2 

0.51 

13.5 

0.5 

0 

100 

(i 

99 

126 

10.6 

0.63 

19.6 

— 

— 

— 

0 

144 

121 

15.9 

0.93 

31.8 

0.6 

0.33 

65 

11 

174 

142 

10.6 

0.93 

41.8 

0.6 

0.33 

65 

13 

204 

124 

10.6 

1.21 

53.3 

0.56 

0.65 

46 

15 

234 

123 

10.6 

i.:i4 

66.9 

0.82 

0.52 

61 

1(> 

249 

129 

5.3 

1.35 

74.1 

0.876 

0.47 

65 

18 

279 

135 

10.6 

1.40 

88.9 

0.750 

0.65 

54 

19 

294 

122 

5.3 

1.60 

96.9 

0.795 

0.80 

50 

20 

309 

121 

5.3 

1.70 

10.5.7 

0.875 

0.82 

52 

22 

339 

115 

10.6 

1.85 

124.4 

1.07 

0.78 

58 

26 

382 

142 

1.5.9 

1.62 

151.9 

1.07 

0.55 

66 

32 

.'■)06 

145 

31.S 

2.10 

210.9 

— 

- 

— 

41 

633 

140 

47.7 

2.27 

318.9 

1.27 

1.0 

56 

45 

716 

145 

21.2 

2.4 

367.9 

1.40 

1.0 

58 

49 

776 

140 

21.2 

2..55 

421 

1.47 

i.as 

58 

.53 

836 

139 

21.2 

2.60 

476 

1 .4.5 

1.15 

56 

considerable  losses  of  liquor  In  the  production  cycle  lead  to  corresponding  losses  of  inhibitor,  and  to  the  need 
for  continous  replenishment  It  follows  from  Table  3  that  during  53  days  of  continuous  operation  of  the  unit 
somewhat  more  than  one  half  of  the  Inhibitor  consumed  was  removed  from  the  system  with  lost  liquor. 

The  Inhibitor  retains  100*70  activity  only  at  the  start  of  the  period  (for  a  few  days).  This  Is  followed  by 
partial  transformation  (apparently,  oxidation)  of  the  Inhibitor  into  an  inactive  form.  However,  this  process 
eventually  becomes  stabilized.  It  follows  from  Table  3  that,  at  the  ratio  between  inhibitor  losses  and  addition 
of  fresh  portions  observed  for  the  unit  In  question,  an  average  of  60<7o  of  the  total  inhibitor  content  In  the  liquor 
was  in  the  active  and  40<7o  In  the  inactive  form. 

SUMMARY 

1.  The  Inhibiting  effects  of  small  amounts  of  p-phenylenedlamlne  on  oxidation  of  ammonium  sulfite  — 
bisulfite  solutions  were  studied,  and  It  was  found  that  p-phenylenediamine  Is  most  effective  when  added  to  pure 
solutions,  not  contaminated  with  solid  impurities.  In  presence  of  solid  impurities,  for  example  if  the  liquor  Is 
contaminated  with  volatile  ash  from  flue  gases,  the  inhibitor  efficiency  of  p-phenylenediamine  is  reduced  3  to 
4 -fold. 

2.  It  was  also  found  that  p-phenylenedlamine  can  exert  an  inhibiting  effect  for  a  long  time  both  under 
static  conditions  and  In  the  cyclic  process  for  extraction  of  SOj  from  dilute  gases,  when  the  liquor  is  in  con¬ 
tinuous  circulation  and  is  subjected  to  alternate  heating  and  cooling. 
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OXIDATION  OF  AMMONIUM  SULFITE-BISULFITE  SOLUTIONS  IN  THE 
EXTRACTION  OF  SOj  FROM  FLUE  GASES 

B.  A .  Chertkov 


In  the  previous  communications  [1-3]  we  considered  the  influence  of  various  factors  —  solution  composition, 
temperature,  and  others  —  on  the  rate  of  oxidation  of  ammonium  sulfite-bisulfite.  It  was  found  experimentally 
that  the  degree  of  oxidation  of  the  solution  increases  with  increase  of  the  relative  content  of  bisulfite  in  the 
solution  (the  S/C  ratio),  temperature,  and  partial  pressure  of  oxygen  in  the  gas  phase.  It  was  also  shown  that  at 
a  definite  concentration  of  the  sulfiter-bisulfite  solution  the  degree  of  oxidation  reaches  a  maximum  value, and 
it  decreases  continuously  both  at  higher  and  at  lower  concentrations.  At  the  same  time  it  was  established  that 
the  oxidation  reaction  can  be  accelerated  appreciably  by  the  catalytic  action  of  ammonium  thiosulfate  which 
gradually  accumulates  in  the  solution,  and  that  this  action  of  thiosulfate  can  be  inhibited  and  the  oxidation 
reaction  greatly  retarded  by  addition  of  an  inhibitor  (p-phenylenediamlne).  However,  the  presence  of  solid  im¬ 
purities  in  the  solution  and,  in  particular,  contamination  by  volatile  ash  from  flue  gases,  may  lower  sharply  the 
effect  of  the  inhibitor. 

In  the  actual  operating  conditions  of  a  gas  purification  plant,  in  addition  to  the  above  factors,  hydro- 
dynamic  factors  also  operate,  and  the  over-all  oxidation  of  the  absorbent  solution  is  a  complex  function  of  a 
number  of  variables. 

It  was  of  interest  to  compare  our  experimental  data  and  the  relationships  derived  from  them  with  the 
actual  course  of  oxidation  of  ammonium  sulfite-bisulfite  liquors  under  Industrial  conditions.  In  this  paper 
such  a  comparison  is  made  for  the  oxidation  of  the  working  liquor  in  a  unit  for  the  extraction  of  SOj  from  flue 
gases  by  the  ammonia  cyclic  process  [4]. 

The  oxidation  product  of  ammonium  sulfite-bisulflte  is  ammonium  sulfate  (NH4)2S04,  which  Is  used  as  a 
fertilizer  after  removal  from  the  liquor.  Without  going  into  details  of  the  technological  process  of  SOj  extrac¬ 
tion  from  gases  by  the  ammonia  cyclic  process,  we  merely  note  here  that  the  accumulating  ammonium  sulfate 
is  removed  from  the  system  by  evaporation  of  a  part  of  the  working  liquor  in  a  vacuum  evaporator.  As  a  result 
of  the  increase  of  the  total  salt  concentration  in  the  liquor,  ammonium  sulfate,  which  is  the  least  soluble  com¬ 
ponent,  separates  out  in  the  solid  phase  and  is  then  removed  by  centrifugation. 

In  an  Ideal  cyclic  process, the  amount  of  crystalline  (NH4)2S04  obtained  over  a  definite  time  Interval 
can  serve  as  a  measure  of  the  rate  of  oxidation  of  the  absorbent  solution.  In  actual  practice.the  Industrial  process 
is  accompanied  by  losses  of  liquor,  with  which  some  ammonium  sulfate  is  also  lost  from  the  system.  However, 
these  losses  can  be  taken  into  account  fairly  accurately  from  the  ammonia  balance  for  the  plant. 

Thus,  the  total  amount  of  ammonium  sulfate  formed  by  oxidation  of  the  absorbent  liquor  during  absorption 
of  SO2  from  the  gas  can  be  determined  from  the  amount  of  crystalline  (NH4)jS04  obtained,  its  losses  in  the 
production  cycle,  and  from  the  results  of  analytical  determinations  of  the  changes  of  (NH4)2S04  content  in  the 
working  liquor  over  a  definite  time  Interval. 

Such  balances  for  ammonium  sulfate  formation  were  calculated  for  different  periods  of  plant  operation. 

The  final  results  of  one  such  balance  are  presented  in  the  diagram. 

The  diagram  shows  that  the  oxidation  rate  of  the  liquor  in  this  unit  was,  in  general,  unlforin  The  average 
'  rate  of  (NH4)2S04  formation  remained  constant  during  prolonged  time  intervals  under  definite  conditions  of 
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absorber  operation.  Data  on  the  oxidation  of  the  liquor  and  on  the  operating  conditions  In  the  absorbers  for  all 
the  Investigated  periods  are  summarized  in  the  table. 

In  addition  to  the  average  daily  Increases  of  (NH4)2S04  content,  the  table  contains  the  values,  equivalent 
to  these,  of  the  rate  of  oxygen  absorption  Gq  in  g/m^*  hour,  calculated  per  unit  surface  area  of  the  absorber 
packing. 

It  follows  from  the  table  that  during  the  first  three  operating  periods  of  the  sulfur  recovery  unit  the 
oxidation  proceeded  at  the  highest  rate,  and  reached  a  value  of  1.1  g/m*  hoiu:.  This  is  because  the  tem¬ 
perature  of  the  liquor  in  the  absorber  was  higher  than  during  the  other  periods,  and  also  because  of  the  higher 
ash  content,  in  presence  of  which  the  inhibitor  could  not  exert  its  full  retarding  effect.  The  low  rate  of  oxida¬ 
tion  of  the  liquor  during  the  next  (fourth)  operating  period  is  due  to  the  fact  that  during  this  period  the  thio¬ 
sulfate  concentration  of  the  liquor  was  at  its  lowest,  and  the  liquor  was  least  contaminated  with  ash.  The  fact 
that  the  saturated  liquor  leaving  the  absorber  had  a  lower  S/C  ratio  than  during  the  other  operating  periods  was 
also  significant.  The  higher  oxidation  rate  of  the  liquor  during  the  fifth  period,  apart  from  the  causes  already 
indicated,  was  mainly  due  to  the  fact  that  during  this  period  the  liquor  in  the  absorber  was  saturated  to  higher 
S/C  ratios  than  during  the  preceding  periods. 

In  the  subsequent  operating  periods, the  liquor  temperature  In  the  absorbers  was  lower,  and  this  led  to 
some  decrease  of  the  oxidation  rate,  despite  the  fact  that  the  thiosulfate  content  of  the  working  liquor  rose 
appreciably. 

If  we  disregard  the  sixth  period,  when  the  lower  oxidation  rate  was  due  to  the  low  total  salt  concentration 
in  die  liquor  at  the  start  of  the  period  (accumulation  of  the  liquor)  and  to  the  low  thiosulfate  content,  we  see 
that  during  the  remaining  seven  periods  the  average  oxidation  rate  of  the  liquor  varied  within  very  narrow 
limits,  and  corresponded  to  an  average  oxygen  absorption  rate  of  0.75  g/m^  •  hour. 

In  view  of  the  fact  that  the  operating  conditions  of  the  absorbers  during  these  periods  are  the  most  typical 
of  the  ammonia  cyclic  process  for  extraction  of  SO2  from  flue  gases,  this  average  value  can  be  taken  with  every 
justification  as  a  reliable  measure  of  the  oxidation  rate  of  ammonium  sulfiter-bisulfite  liquor  under  industrial 
conditions. 

Let  us  now  consider  how  the  oxidation  rate  of  the  liquor  can  vary  with  changes  In  different  conditions  of 
absorption  of  SOj  from  gases.  Variation  of  the  percentage  SO2  content  of  the  gas  cannot  In  itself  influence  the 
oxidation  of  the  liquor  but,  since  there  is  an  optimum  liquor  concentration  in  the  cyclic  process  for  any  given 
SO2  concentration  In  the  gas  [5],  such  variation  would  have  an  indirect  influence  through  variations  of  the 
liquor  composition. 

Alteration  of  the  percentage  content  of  oxygen  in  the  gas,  for  example,  if  the  process  was  changed  to 
absorption  of  SO2  from  waste  gases  in  nonferrous  metallurgical  processes,  should  produce  a  proportional  change 
of  Gqj  [21  with  the  liquor  composition  indicated  in  the  table. 

Alteration  of  the  linear  gas  velocity  in  the  absorber  cannot  influence  the  oxidation  rate  of  the  liquor,  as 
in  the  absorption  of  oxygen,  which  is  a  sparingly  soluble  gas,  liquid -film  resistance  is  the  principal  factor  and 
gas-film  resistance  may  be  disregarded. 

Increase  of  the  liquor  rate  in  the  absorber  decreases  the  resistance  of  the  liquid  film  and  should  therefore 
favor  more  rapid  transfer  of  oxygen  from  the  boundary  layer  into  the  main  bulk  of  the  liquid.  However,  since 
the  over-all  oxidation  process  is  determined  by  the  relatively  slow  reaction  between  sulfite-bisulfite  and  dis¬ 
solved  oxygen,  the  concentration  gradient  of  the  latter  in  the  liquid  phase  Is  probably  very  low  and  the  influence 
of  the  liquor  rate  in  this  Instance  may  be  assumed  to  be  the  same  as  in  simple  physical  absorption.  According 
to  Ramm  [6],  the  mass-transfer  coefficient  in  the  liquid  film  (K^/Is  a  power  function  of  the  liquor  rate  (  r). 
where  the  power  of  r  may  vary  from  0.33  (for  a  wetted-wall  absorber)  to  0.67  (for  a  packed  absorber).  There¬ 
fore,  hydrodynamic  factors  can  only  have  an  influence  if  the  liquor  rate  in  the  absorber  is  increased  considerably. 
However,  this  may  not  be  necessary  if  the  liquor  is  recirculated  through  the  absorption  sections. 

The  small  role  of  hydrodynamic  factors  is  also  confirmed  by  the  fact  that  the  average  rate  of  absorption 
of  oxygen  in  the  absorber  (0.75  g/m**  hour)  Is  close  to  the  values  obtained  In  a  laboratory  study  of  the  oxidation 
process  under  static  conditions  [3]. 
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Data  on  the  Oxidation  of  the  Working  Liquor  in  a  Sulfur  Recovery  Unit 


Variations  of  salt  concentrations  In  the  liquor  may  have  different  effects  on  the  oxidation  process.  When 
the  NH3tot  NHjeff  concentrations  are  raised  above  the  values  given  in  the  table,  the  oxidation  rate  should 
fall  owing  to  the  lower  solubility  of  oxygen  in  more  highly  concentrated  salt  solutions.  With  decrease  of  the 
NHjeff  concentration  the  oxidation  rate  should  first  rise,  and  after  passing  through  a  maximum  (2.5  moles 
NHseff  per  liter)  it  should  fall  sharply  because  the  determining  factor  is  then  no  longer  access  of  oxygen  but 
the  rate  of  the  reaction  between  sulfite— bisulfite  and  dissolved  oxygen  [1]  .  However,  dilute  solutions  cannot 
be  used  in  the  cyclic  process  for  extraction  of  SOj  from  gases. 

Increase  of  the  thiosulfate  content  of  the  liquor,  say  to  0.5  mole/ liter,  might  in  itself  produce  a  sharp 
Increase  of  oxidation  rate  fl].  However,  in  presence  of  sufficient  inhibitor  (1  g/ liter)  thiosulfate  does  not  exert 
a  catalytic  effect,  and  this  factor  may  be  disregarded.  From  this  point  of  view  an  Increase  of  the  ash  content, 
which  weakens  the  action  of  the  added  Inhibitor,  is  undesirable. 


A 


January  195  7  February  1957 

Progressive  accumulation  of(NH4)2S04  in  the  system;  A)  total  amount 
of  (NH4)2S04  in  the  system  (kg-moles),  B)  time  (days);  average  rates  of 
(NH4)2S04  formation  during  different  periods  (in  kg-moles/ day):  I)  65, 

11)49.5,  III)  67.5. 

Variation  of  the  ratio  of  the  saturated  liquor  can  have  an  appreciable  effect  on  the  oxidation  rate  only 
If  this  ratio  is  varied  over  a  wide  range  [ll.Since  in  the  normal  cyclic  process  the  S/C  ratio  of  the  saturated 
liquor  apjsroaches  the  theoretical  limit  (S/C  =  1  for  pure  bisulfite)  with  any  initial  SO2  concentration  in  the 
gas,  the  Influence  of  this  factor  is  confined  to  a  comparatively  narrow  region,  in  which  the  variations  of  oxidation 
rate  ate  inconsiderable. 

Increase  of  the  liquor  temperature  in  the  absorber  should  also  have  an  accelerating  influence  on  the  oxida¬ 
tion  process  [2]. 

To  summarize  the  above.  It  may  be  concluded  that  the  following  factors  should  have  the  greatest  effects 
on  the  oxidation  process  in  the  absorption  of  SO2  from  gases:  partial  pressure  of  oxygen  in  the  gas,  ammonium 
sulfite  —  bisulfite  concentration  in  the  liquor,  S/C  ratio  in  the  resultant  concentrated  liquor,  and  the  liquor 
temperature  in  the  absorber. 

Since  the  effects  of  all  these  factors  can  be  determined  quantitatively  with  the  aid  of  the  relationships 
established  by  us  earlier  ( 1,2],  it  is  possible  to  use  the  avaage  oxidation  rate  of  a  liquor,  determined  In  the 
unit  described  above,  as  a  starting  point  for  determining  the  degree  of  oxidation  in  absorption  of  SO2  from 
gases  by  the  ammonia  process  under  any  other  operating  conditions. 
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The  amount  of  sulfate  formed  by  oxidation  in  any  method  of  extraction  of  SOj  from  gases  is  generally 
compared  with  the  total  amount  of  SOj  formed  in  unit  time.  The  degree  of  oxidation  so  found  is  a  relative 
value  which  depends  on  the  SOj  concentration  in  the  gas  and  the  total  gas  rate  in  the  absorber.  It  is  obvious 
that  the  greater  the  total  amount  of  SOj  absorbed  in  the  apparatus,  the  less  is  the  degree  of  oxidation  under 
otherwise  constant  conditions.  Since  hydrodynamic  factors  do  not  play  any  appreciable  role  in  oxidation  of 
the  working  liquor  but  are  known  to  have  a  very  strong  influence  on  the  rate  of  SO2  absorption,  the  lowest 
degree  of  oxidation  may  be  attained  in  an  absorber  in  which  absorption  of  SOj  is  the  most  intensive. 

From  this  point  of  view^a  high -rate  bubbling  absorber  operated  under  foam  conditions  should  have  con¬ 
siderable  advantages  over  a  packed  absorber.  In  fact,  our  investigations  [71  showed  that  the  rate  of  SOj  ab¬ 
sorption  from  flue  gas  was  10  to  15  times  as  high  (calculated  per  unit  absorber  volume)  in  an  experimental 
bubbling  absorber  operated  under  foam  conditions  as  in  a  packed  absorber,  while  the  rate  of  oxygen  absorption 
Increased  only  to  2  to  3-fold.  As  a  result,  the  degree  of  oxidation  was  roughly  one  fifth  that  found  under 
analogous  conditions  In  the  packed  absorber.  It  follows  that  replacement  of  packed  absorbers  by  bubbling 
equipment,  apart  from  the  other  known  advantages,  would  make  it  possible  to  extract  SOj  from  dilute  gases  by 
the  ammonia  process  with  a  much  lower  yield  of  ammonium  sulfate,  with  corresponding  saving  of  ammonia. 

In  that  case  It  would  quite  likely  be  possible  to  abandon  the  use  of  the  relatively  costly  oxidation  Inhibitor 
—  p-phenylenediamlne. 


SUMMARY 

Practical  data  on  the  oxidation  of  ammonium  sulfite— bisulfite  in  the  extraction  of  SOj  from  flue  gases  In 
packed  absorbers  were  analyzed.  The  average  rate  of  absorption  of  oxygen  from  the  gas  (Goj)  under  the  most 
typical  conditions  of  the  ammonia  cyclic  process  was  calculated,  and  the  possible  variation  limits  of  this  rate 
with  changes  in  the  absorber  operating  conditions  were  considered.  It  is  shown  that  the  degree  of  oxidation  of 
the  absorbed  SOj  can  be  lowered  considerably  if  the  absorption  Is  effected  in  a  bubbling  absorber  operated  under 
foam  conditions. 
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A  STUDY  OF  THE  FACTORS  INFLUENCING  FORMATION  OF  SULFIDES 


FROM  METAL  OXIDES  BY  THE  ACTION  OF  SULFUR  DIOXIDE 

V  V.  Pechkovskil 

The  A,  M.  Gor'kll  State  Institute,  Perm’ 


Sulfide  formation  forms  the  basis  of  many  operations  In  chemical  technology  and  ferrous  and  nonferrous 
metallurgy  [  1-4]. 

It  was  shown  earlier  [5]  that  when  sulfur  dioxide  reacts  with  metal  oxides  in  a  reducing  atmosphere  the 
roasting  products  contain  various  sulfur  compounds,  including  sulfides.  Certain  factors  which  influence  the  rate 
and  extent  of  sulfide  formation  were  studied;  these  included  the  temperature,  amount  of  carbon  in  the  original 
mixture,  and  the  physicochemical  properties  of  the  metal  oxides. 

The  purpose  of  the  present  investigation  was  to  study  the  influence  of  various  factors  on  the  conversion  of 
metal  oxides  to  sulfides  by  the  action  of  sulfur  dioxide  in  a  reducing  atmosphere.  The  rate  and  extent  of  Inter¬ 
action  of  sulfur  dioxide  with  metal  oxides  in  presence  of  carbon  were  studied  in  relation  to  the  concentration 
of  sulfur  dioxide,  the  kind  and  particle  size  of  the  carbonaceous  material  used,  the  crystallochemical  structure 
of  the  metal  oxide,  contents  of  various  additives  in  the  original  mixture,  and  the  duration  of  the  experiment. 


The  analytical  procedures  and  characteristics  of  the  materials  used  are  described  in  the  preceding  paper 
fS].  Pure  dry  nitrogen  was  used  as  a  diluent  for  100*70  sulfur  dioxide  for  producing  gas  mixtures  of  definite  com¬ 
position.  The  carbonaceous  materials  used  were  blood  charcoal,  semicoke  made  from  Zhurino  coal,  Kuznetsk 
,coal  from  the  3-3  bis  pits,  blast-furnace  coke,  and  birchwood  charcoal  from  Syava. 


TABLE  1 

Characteristics  of  the  Carbonaceous  Materials  Used 


Materials 

Ash 

1 - 

Sulfur 

Volatiles 

Wood  charcoal 

1.8 

0.4 

9.4 

Kuznetsk  coal 

10.5 

0.5 

18.0 

Semicoke 

8.0 

0.5 

14.0 

Coke 

12.8 

0.6 

0.7 

TABLE  2 


The  characteristics  of  the  carbonaceous  materials 
used  are  given  in  Table  1. 

Mixtures  containing  30 -31*70  carbon  were  prepared. 
Except  when  otherwise  stated,  the  duration  of  each  ex¬ 
periment  was  15  minutes,  and  the  particle  size  of  the 
powdered  metal  oxides  and  carbonaceous  materials  was 
less  than  0.078  mm. 

The  principal  experimental  results  are  given  in 
Tables  2-6. 


Variation  of  the  Degree  of  Conversion  of  Metal  Oxides  to  Sulfides  with  the  SOj 
Concentration  in  the  Gas  Phase  at  750“.  Carbonaceous  material  —  blood  char¬ 
coal 


Metal  oxide 

Degree  of  conversion  to  sulfide  (*7o)  at  SO^ 
(voL*7o) 

concentration 

10.0 

30.0 

50.0 

75.0 

100.0 

MnzOj . 

46.4 

55.7 

66.1 

64.4 

72.0 

ZnO . 

16.8 

22.0 

28.3 

33.7 

39.4 

FePj . 

6.5 

10.6 

14.8 

15.2 

23.1 
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TABLE  3 


Effects  of  Temperature  and  SO2  Concentration  on  the  Degree  of  Conversion 
of  Metal  Oxides  to  Sulfides.  Carbonaceous  material -blood  charcoal 


t-» 

4) 

Degree  of  conversion  to  sulfide  (%)  at  SO2  concentration  (vol.%) 

5 

.0 

5 

20 

5 

20 

5 

20 

Q.  U 

E  *>- 

0 

Mn.Oj 

ZilO 

(- 

ii5() 

l().t» 

2.5.0 

3.2 

4.5 

.5.0 

5.7 

1.7 

2.5 

7()t) 

19.0 

41.7 

5.1 

8.3 

0,4 

9.7 

2.5 

5.1 

7.50 

I’O.I 

OI.S 

10..5 

19.2 

10,1 

18.3 

4.9 

11.1 

.S(K) 

21.2 

0.5.0 

10.2 

38.8 

1.5.5 

44.6 

.5.2 

2.5.1 

.S.50 

24.5 

00.4 

20.K 

70.0 

25.7 

86.5 

7.4 

61.3 

900 

07.1 

23.0 

87.4 

34.2 

97.4 

7.5.0 

TABLE  4 

Effect  of  the  kind  of  Carbonaceous  Material  on  the 
Degree  of  Conversion  of  Metal  Oxides  to  Sulfides 
at  850*  and  20%  SO2  Concentration 


The  data  in  Tables  2  and  3  lead  to  the  conclusion 
that  the  degree  of  conversion  decreases  steadily  with 
decrease  of  sulfur  dioxide  concentration  In  the  gas  phase 
from  100  to  20%  The  degree  of  conversion  of  metal 
oxides  to  sulfides  falls  sharply  with  decrease  of  SOj 
concentration  in  the  gas  phase  from  20  to  5%  The  rate 
and  extent  of  conversion  of  metal  oxides  In  gaseous 
mixtures  containing  less  than  5%S02  are  relatively  low. 

Data  giving  an  indication  of  the  relative  reactivity 
of  different  carbonaceous  materials  are  contained  In 
Tables  3  and  4.  It  was  found  that  the  relative  reactivity 
of  different  carbonaceous  materials  in  the  reaction  in 
question  varies  somewhat  with  the  kind  of  metal  oxide, 
temperature,  and  SO2  concentration  in  the  gas  phase. 

At  850*  and  20%  sulfur  dioxide  in  the  gas  phase,  the 

carbonaceous  materials  used  can  be  arranged  in  the  following  sequence  of  decreasing  reactivity  in  this  reaction  ; 
wood  charcoal,  blood  char,  semicoke,  Kuznetsk  coal,  coke  It  must  be  noted  that  the  first  four  of  these  carbon¬ 
aceous  materials  have  fairly  high  reactivity  in  the  conversion  of  metal  oxides  to  sulfides  by  the  action  of  sulfur 
dioxide.  Coke,  on  the  other  hand,  has  low  reactivity.  The  conversion  of  metal  oxides  to  sulfides  by  sulfur 
dioxide  in  presence  of  coke  begins  to  occur  at  an  appreciable  rate  only  at  temperatures  above  850-900*. 


Metal 

oxide 

Degree  of  conversion  to  sulfide 
(%)  with  carbonaceous  material 

wood 

charcoal 

Kuznetsk 

coal 

semi¬ 

coke 

1 

coke 

. . 

87.2 

85.4 

83.0 

6.7 

N^n20^  . . 

77.8 

72.6 

72.4 

22.8 

ZnO . 

75.7 

67.5 

78.1 

5.1 

It  was  further  found  that  the  crystal  form  of  the  metal  oxide  has  a  considerable  Influence  on  the  conversion 
process.  Thus,  at  850*  with  10%  SO2  in  the  gas  phase,  the  degree  of  conversion  of  powdered  Mn203  reagent  and 
native  pyrolusite  from  Chiatura  was  59.1  and  33%  respectively. 


It  follows  that  native  pyrolusite,  which  has  a  denser  structure  and  a  less  reactive  surface,  is  converted  to 
sulfide  to  a  considerably  lower  degree  than  Mn203  reagent. 

In  order  to  determine  the  effect  of  various  impurities  on  the  conversion  process,  special  experiments  were 
carried  out  on  the  conversion  of  mixtures  of  metal  oxides  and  carbon  in  presence  of  various  additives.  The  ad¬ 
ditives  tested  were  powdered  oxides  of  iron,  chromium,  manganese,  and  cobalt,  and  also  ferruginous  bauxite 
from  Kustanai.  It  was  found  that  5-7%  additions  of  iron,  chromium,  or  cobalt  oxides  have  no  practical  effect 
on  the  conversion  of  zinc  oxide  to  sulfide  by  the  action  of  sulfur  dioxide.  Addition  of  manganese  oxide  in  the 
form  of  Mn203  reagent  increases  somewhat  the  degree  of  conversion  of  zinc  and  cobalt  oxides,  while  ferruginous 
bauxite  decreases  It. 
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It  is  known  [4]  that  ferruginous  bauxite  catalyzes  the  reaction 


SO2  1  2(;0  ^  2(102  -f  'i-jS-s  I  cal. 


The  degree  of  conversion  of  sulfur  dioxide  to  elemental  sulfur  decreases  with  rise  of  temperature.  This 
probably  accounts  for  the  decrease  in  the  degree  of  conversion  of  metal  oxides  to  sulfides  by  sulfur  dioxide  in 
presence  of  bauxite  at  temperatures  above  750-800", 

It  was  found  that  the  rate  and  extent  of  conversion  of  metal  oxides  to  sulfides  by  sulfur  dioxide  in  a  re¬ 
ducing  atmosphere  depends  on  the  particle  size  of  the  carbonaceous  material  used.  However,  the  nature  of  the 
relationship  between  the  rate  and  extent  of  conversion  and  particle  size  varies  somewhat  with  the  temperature 
and  with  the  kind  of  carbonaceous  material. 

It  follows  from  the  data  in  Table  5  that  when  cobalt  and  zinc  oxides  are  roasted  with  Kuznetsk  coal  the 
degree  of  conversion  decreases  if  the  particle  size  of  the  coal  is  greater  than  0.25  mm.  When  the  same  oxides 
are  roasted  with  wood  charcoal,  the  degree  of  conversion  decreases  only  if  the  particle  size  of  the  charcoal  is 
greater  than  1.0  mm. 


TABLE  5 


Effect  of  Grain  Size  of  the  Carbonaceous  Material  on  the  Degree  of  Conversion  of 
Metal  Oxides  with  10<7o  SO2  Concentration 


Carbonaceous 

material 

Tempera¬ 
ture  (*C) 

i 

Zno 

Degree  of  conversion  of  oxide  (fo)  with  particle  size  (mm) 

0.25 

0.5 

1.0 

2.0 

0.25 

0.5 

( .0 

2.0 

Kuznetsk  1 

7.5(1 

9.9 

10.9 

1  1.7 

11.7 

().4 

0.5 

0.3 

O.I 

coal  1 

9(K) 

.3.5.4 

.32.2 

30.G 

27.0 

29.2 

20.8 

24.1 

20.  s 

Wood  / 

7.50 

2.5.8 

20.0 

27.1 

27.8 

24.0 

2.5.3 

20.0 

27.2 

charcoal 

900 

42.1 

47.2 

.50.3 

41.9 

10.2 

41.3 

44.5 

40.1 

TABLE  6 

Effect  of  Duration  of  the  Experiment  on  the  Degree 
of  Conversion  of  Metal  Oxides  at  10%  SOj  Concentra- 
tlon.Carbonaceous  material  —blood  charcoal 


Metal 

oxide 

Tem¬ 

perature 

("G) 

Degree  of  conversion  of 

oxide  (%)  with  particle  size 
(mm) 

15 

30 

45 

60 

C02O3  ./ 

650 

4.9 

7.9 

11.8 

16.4 

1 

850 

60.  5 

78.5 

79.0 

80.0 

/ 

650 

3.  5 

4.8 

5.  3 

6.0 

ZnO  ( 

850 

52.6 

79:3 

79.  5 

79.5 

reducing  atmosphere  proceeds  rapidly  during  the  first  20 


The  less  pronounced  decrease  of  the  degree  of 
conversion  with  increase  of  particle  size  of  the  carbon¬ 
aceous  material  which  is  found  with  wood  charcoal  is 
due  to  the  fact  that  the  latter  has  a  more  developed 
Internal  surface  than  Kuznetsk  coal.  The  reason  for 
the  increase  of  the  degree  of  conversion  with  Increase 
of  particle  size  of  wood  charcoal  from  0.25  to  1.0  mm 
is  that  in  the  hearth-roasting  conditions  used, Increase 
of  particle  size  leads  to  better  contact  between  the 
solid  particles  and  the  gas  phase  both  on  the  surface 
of  the  layer  and  within  it. 

Data  on  the  effect  of  duration  of  the  experiment 
on  the  degree  of  conversion  are  presented  in  Table  6. 

It  is  seen  that  in  the  region  of  fairly  high  conversions 
the  reaction  of  metal  oxides  with  sulfur  dioxide  in  a 
30  minutes,  after  which  the  reaction  rate  falls  sharply. 


It  can  be  concluded  from  these  experimental  results  that  the  rate  and  extent  of  conversion  of  metal 
oxides  to  sulfides  by  sulfur  dioxide  in  presence  of  carbon  depends  on  numerous  factors,  which  include  temperature, 
concentration  of  sulfur  dioxide, amount, kind, and  particle  size  of  the  carbonaceous  material  used, the  physical  and 
physicochemical  properties  of  the  metal  oxides,  presence  of  Impurities,  and  roasting  time. 
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COMBINED  REMOVAL  OF  COj  FROM  NITROGEN-HYDROGEN  MIXTURES 
AND  PRODUCTION  OF  AMMONIUM  CARBONATES* 

S.  N.  Ganz,  G.  I.  Vllesov,  S.  I.  Gorbman,  and  S,  B.Leibovich 

The  present  communication  contains  experimental  data  on  the  kinetics  of  separate  and  joint  absorption 
of  NHj  and  CO^  in  relation  to  the  physicochemical  and  hydrodynamic  process  conditions.  This  series  of  ex¬ 
periments  determines  the  degree  and  rate  of  CO2  absorption  and  therefore  the  technical  and  economic  feasib¬ 
ility  of  this  process. 

The  absorption  process  was  studied  In  horizontal  high-speed  rotary  absorbers.  Details  of  these  absorbers 
and  their  performance  are  described  In  earlier  papers  fl-4]. 

EXPERIMENTAL 

The  study  of  the  absorption  of  NHj  and  CO2  with  formation  of  ammonium  carbonates  under  conditions  of 
high  turbulence  was  performed  In  the  following  sequence. 

First  the  effects  of  peripheral  disk  speed,  volumetric  gas  rate,  and  NHj  concentrations  In  the  gas  and 
liquid  phases  on  the  rate  of  absorption  of  NHj  In  water  were  studied.  Next  the  effects  of  peripheral  disk  speed, 
volumetric  gas  rate,  CO2  concentration  In  the  gas,  and  NH3  concentration  in  the  liquid  on  the  rate  of  absorption 
of  CO2  by  aqueous  ammonia  solutions  were  studied. 


Fig.  1.  Equipment  for  combined  absorption  of  CO2  and  NH3  in  mechanical  absorbers. 


•Communication  I. 


In  a  separate  series  of  experiments  the  combined  absorption  of  NHj  and  CO2  by  water  was  studied  In  rela¬ 
tion  to  the  concentrations  of  these  components  In  the  gas  phase  and  the  contents  of  ammonium  carbonates  in  the 
liquid  phase.  The  apparatus  used  for  studying  absorption  processes  Is  shown  schematically  In  Fig.  1. 

NHj  and  CO2  were  fed  from  the  cylinders  1  and  2  into  the  mixer  3,  where  they  were  mixed  with  air  sup¬ 
plied  from  the  blower  4  through  the  meter  5.  The  amounts  of  CO2  and  NH3  were  measured  by  the  flow  meters 
6,  the  gas  pressures  were  Indicated  by  the  manometers  7.  while  the  gas  pressures  were  maintained  steady  by 
means  of  the  manostats  8.  The  gas  mixture  passed  from  the  mixer  to  the  absorber  9  and  then  through  the  trap 
10  and  hydraulic  seal  11  Into  the  atmosphere.  The  absorbent  liquor  entered  the  absorber  from  the  header  12 
and  was  removed  through  the  outlet  13.  Gas  samples  for  determinations  of  NH3  or  CO2  were  taken  at  the  ab¬ 
sorber  entry  and  exit  through  the  stopcocks  14.  Samples  of  liquid  leaving  the  absorber  were  taken  for  analysis 
from  the  outlet  13. 


The  NH3  and  CO2  contents  of  the  gas  were  determined  by  the  evacuated  bulb  method;  here  NH3  was 
absorbed  In  45  <70  142504,  and  CO2  In  20<7oNaOH  solution. 

In  separate  absorption  of  NH3  or  C02pne  of  the  gas  cylinders  was  disconnected  from  the  system. 

Absorption  of  ammonia  In  the  first  series  of  experiments  the 
degree  of  absorption  of  NH3  by  water  was  studied  In  relation  to  shaft 
speed  (or  peripheral  disk  speed).  The  temperature  was  maintained 
In  the  range  of  17-18“,  “  '^49  mm.  The  volumetric  gas  rate 

was  500  m*  gas/m*  absorbent  per  hour  The  results  of  these  experi¬ 
ments  are  plotted  in  Fig.  2.  It  can  be  seen  that  the  absorption  rate 
rises  rapidly  with  Increase  of  peripheral  disk  speed  and  at  n  =  250  rpm 
It  reaches  100<7a  The  time  of  phase  contact  decreases  with  Increase 
of  the  volumetric  gas  rate,  and  the  degree  of  absorption  falls  some¬ 
what.  This  Is  Illustrated  by  the  experimental  data  in  Fig.  3.  To  In¬ 
crease  the  degree  of  absorption  of  NH3  at  gas  rates  higher  than  500 
mVni’  •  hour  the  disk  speed  must  be  increased  to  850-900  rpm 
(which  Is  equivalent  to  a  peripheral  disk  speed  on  about  2.5  m/second 
In  the  model  absorber).  Under  such  conditions,  with  8.3*70  NH3  In  the 
gas  and  6%  NH3  In  the  liquid  phase,  at  t  =  17.6*  and  P  =  748  mm, the 
degree  of  absorption  fell  to  93. 5<7o  at  volumetric  rate  w  =  2500  ms/ms* 
•hour. 

In  packed  towers  a  similar  degree  of  adsorption  Is  attainable 
under  the  same  conditions  at  volumetric  gas  rates  of  the  order  of 
60-62  m’/m*  •  hour. 

Therefore,  under  conditions  of  high  turbulence  the  output  per 
unit  volume  of  the  absorber  Is  approximately  2500/(60-62)  =  40  to 
41 -fold  the  output  of  packed  towers. 

It  follows  that  In  the  absorption  of  a  readily  soluble  gas  the  hydrodynamic  conditions  also  play  an  Important 
part  In  accelerating  the  process. 

Under  conditions  of  high  turbulence  at  =  850  rpm  and  w  =  500  m®/m®  •  hour,  the  degree  of  absorption 
of  NH3  is  Independent  of  Its  concentration  in  the  gas.  Under  these  conditions  at  t  =  17.  T  and  P  =  748  mm,NH3 
at  any  concentration  (down  to  the  lowest)  Is  absorbed  completely  by  water.  Increase  of  the  NH3  concentration 
In  the  liquid  phase  lowers  the  absorption  rate  because  of  a  decrease  In  the  driving  force  of  the  process. 

Absorption  of  CO2.  The  apparatus  used  for  studying  the  rate  of  absorption  of  CO2  was  the  same  as  that 
used  for  NH3  (Fig.  1).  In  the  first  series  of  experiments  the  effect  of  peripheral  disk  speed  on  the  degree  and 
rate  of  CO2  absorption  was  studied.  The  absorbent  was  aqueous  ammonia  containing  7.4%  NH3.  The  process 
was  conducted  at  t  =  18“  and  P  =  753  mm.  The  gas  rate  was  500  m^/m*-  hour,  with  11.8%  CO2  In  the  gas. 

The  results  of  the  experiments  are  presented  in  Fig  4.  It  is  seen  that  under  constant  conditions  the  degree 
of  absorption  rises  rapidly  with  increase  of  shaft  speed  and  at  n  =2000  rpm  (vj  =5.2  m/ second)  It  reaches  a 


A  0.29  0.59  0.8S  1.18  1.97  B 


Tig. 2.  Variation  of  the  degree  of  ab¬ 
sorption  of  NH3  by  water  with  periph- 
eial  disk  speed:  NH3  concentration 
In  gas  7.25%,  P  =  749  mm,  w^  =  500 
m’/ni’-  hour,  t=  17.6*;  A)  degree 
of  absorption  (%),  B)  peripheral  disk 
speed  (m/second),  C)  shaft  speed(rpm). 


maximum  (98,5*70).  Further  Increase  of  shaft  speed  does  not  alter  this  result.  Values  of  the  absorption  coef¬ 
ficient  calculated  from  these  data  are  plotted  In  Fig.  5. 


The  effect  of  volumetric  gas  rate  was  studied  at  n  =  1850-1900  rpm  (peripheral  disk  speed  Vj  =  4.5-5  m/ 
second),  CO2  content  of  gas  10.1%  NH3  content  of  solution  1.14%  t  =  18.5“  and  P  =  746  mm.  The  results  of 
the  experiments  are  presented  In  Fig.  6. 


As  was  to  be  expected,  Increase  of  the  volumetric  gas  rate  decreases  the  degree  of  absorption  owing  to  a 
decrease  In  the  time  of  phase  contact. 

The  effect  of  COj  concentration  In  the  gas  on  the  absorption  rate  was  studied  at  a  gas  rate  of  500  m*/m* 
hour,  peripheral  disk  speed  4.5  m/ second,  t  =  17“,  P  =  756  mm,  and  8.5-9%  NH3  In  the  solution.  The  results 
are  plotted  In  Fig.  7,  where  It  is  seen  that  the  curve  has  a  pronounced  maximum  corresponding  to  11%C02  In 
the  gas. 

The  characteristic  curvature  of  the  graph  in  Fig.  7 
indicates  that  the  highest  rate  of  the  process  Is  attainable  at 
1:1  ratio  of  NH3  to  CO2,  which  Is  the  stoichiometric  ratio. 
Tlius,  with  8.5%NH3  In  the  solution,Its  molar  concentration 
must  be  8. 5/  17  =  0.5. 

This  NH3  concentration  In  solution  corresponds  to  the 
maximum  on  the  absorption  curves  with  11-11. 5%  CO2  In  the 
gas,  which  Is  also  equal  to  11.2/22.4  =0.5  mole.  Therefore 
the  reaction  NH3+  CO2  +  H2O  =  NH4HCO3  •  proceeds  at  the 
greatest  rate. 

This  finding  Is  confirmed  by  another  series  of  experl  - 
ments.  In  which  the  CO2  concentration  was  kept  constant  at 
10.5%,  while  the  NH3  concentration  in  solution  was  varied 
from  2  to  13%  This  series  of  experiments  was  conducted  at 
Wg  =  500  mVm*  hour,  v^j  =  4.5  m/ second,  t  =  21*,  and 
P  =  748  mm. 

The  data,  plotted  in  Fig.  8,  also  give  a  curve  with  a 
well-defined  maximum  at  8%  NH3  concentration  In  solution. 


A 


Fig.  3.  Variation  of  the  degree  of  absorption 
of  NHs  by  water  with  the  volumetric  gas 
rate:  NH3  concentration  In  gas  8.3%,  n  = 

=  850  rpm,  t  =  17.6^;  A)  degree  of  ab- 
"sorptlon  (%),  B)  gas  rate  (m*/m’  •  hour). 


It  Is  easy  to  see  that  here  again  the  molar  ratio  NH3 ; 
:C02  =  1  :  1,  as  8  g/  17  of  NHs  solution  =  0.47  mole,  just  as  10.5  liters  / 22.4  of  CO2  In  thegas=  0.47  mole. 
However,  as  will  be  clear  from  the  experiments  detailed  below,  the  highest  reaction  rate  at  NH3 :  CO2  =1:1 
Is  found  at  low  concentrations  of  ammonium  carbonates  in  solution.  The  CO2  pressure  In  solution  increases  with 
Increase  of  their  concentration,  and  In  that  case  the  extent  and  rate  of  reaction  should  Increase  In  presence  of 
excess  ammonia  in  the  gas. 


Combined  absorption  of  NH3  and  CO;.  In  connection  with  the  method  adopted  [1]  for  removal  of  CO2 
from  nitrogen-hydrogen  mixtures  it  is  of  considerable  Interest  to  study  the  kinetics  of  simultaneous  absorption 
of  NH3  and  CO2  In  the  same  apparatus,  as  this  would  simplify  the  technological  process  considerably.  The  ex¬ 
perimental  unit  shown  In  Fig.  1  was  therefore  used  for  studying  the  kinetics  of  NH3  and  CO2  absorption  with 
these  gases  Introduced  simultaneously  (through  separate  tubes)  Into  the  absorber  In  such  a  manner  that  CO2  and 
NH3  were  mixed  only  in  the  absorber.  The  Investigation  was  performed  under  the  following  constant  conditions: 
vj  =  4.5  m/second,  NH3  concentration  in  gas  16.2%,  CO2  concentration  in  gas  8. 1%  The  results  of  this  series 
of  experiments  are  plotted  In  Fig.  9,  and  the  absorption  coefficients  calculated  from  these  data  are  given  in 
Fig.  10. 

It  follows  from  these  results  that  variations  of  the  degrees  and  rates  of  combined  absorption  of  NH3  and 
CO2  with  volumetric  gas  rate  differ  relatively  little  from  the  corresponding  values  In  separate  absorption  of 
CO2  by  aqueous  ammonia. 


•If  ammonium  carbonates  are  absent  from  solution  or  are  present  In  small  amounts  only. 
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Fig.  4.  Variation  of  the  degree  of  ab¬ 
sorption  of  CO2  by  aqueous  ammonia 
with  peripheral  disk  speed;  w  =  500 
m®/m*  •  hour,  NHs  concentration  in 
solution  7.4%,  COj  11.8%,  P  =  735  mm; 
A)  degree  of  absorption  (%),  B)  shaft 
speed  (rpm). 


A 


Fig.  5.  Variation  of  the  coef¬ 
ficient  of  absorption  of  COj  by 
aqueous  ammonia  with  periph¬ 
eral  disk  speed;  w=  500  m*/ 

m*  •  hour,  NHj  concentration  in 
solution  7. 4%,  COj  1 1. 8%,  P  = 

=  785  mm;  A)  absorption  rate 
coefficient  (kg  COj/m*  •  hour 
atmos),  B)  shaft  speed  (rpm). 


B 


Fig.  6.  Variation  of  the  degree  of  ab¬ 
sorption  of  CO2  by  aqueous  ammonia 
with  volumetric  gas  rate:  NHj  con¬ 
centration  in  solution  7. 14%,  COj  in 
gas  10.7%,  n  =  1850  rpm,  P  =  746  mm;  Fig.  7.  Variation  of  the  degree  of  ab- 

A)  degree  of  absorption  (%),  B)  volu-  sorption  of  COj  by  aqueous  ammonia 

metric  gas  rate  (mVm’  •  hour).  with  COj  concentration  in  the  gas: 

Wq  =  500  mVm’  •  hour,  NHj  concen¬ 
tration  =  8.5-9%,  t  =  12.74*,  n=  1850 
From  the  point  of  view  of  profitability, transport  of  rpm,P=756  mm;A)degree  of  absorption 

the  product,  and  utilization  of  the  ammonium  carbonates,  (%),  B)  COj  concentration  (%). 

it  is  very  important  to  situdy  the  rates  of  absorption  of 

CO2  and  NHj  in  relation  to  the  concentration  of  ammonium  carbonates  in  solution.  A  series  of  experiments  was 
carried  out  for  this  purpose  on  the  combined  absorption  of  CO2  and  NHj  in  the  following  volume  proportions  in 
the  gas:  NHj  :  CO2  =1:1  and  NHj  :  CO2  =2:1. 


Experiments  on  the  absorption  of  these  gases  were  performed  separately  with  solutions  of(NH^)|COj  and 
NH4HCO3,  with  initial  salt  contents  of  20  to  420  g /liter  in  the  liquid  phase.Under  these  conditions, the  degree  of  absorp¬ 
tion  of  NHj  was  only  slightly  lower  than  the  degree  of  absorption  of  NHj  in  water,  and  these  results  are  therefore 
not  given  here. 
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Fig,  8,  Variation  of  the  degree  of 
absorption  of  CO2  by  aqueous  am¬ 
monia  with  the  NH3  concentration 
in  solution;  =  500  m®/m^  *  hour 
CO2  concentration  10.5<7o.  P  =  760 
mm,  vj  =  4.5  m/ second,  t=  21.5*; 
A)  degree  of  CO2  absoiption  (%),  B) 
NH3  content  of  solution  (%). 
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Fig.  9.  Effect  of  volumetric  gas  rate 
on  the  combined  absorption  of  CO2 
and  NH3  gases  by  water;  CO2  con¬ 
centration  in  gas  8. 1%,  NH3  in  gas 
16.2%,  Vj  =  4.5  m/ second,  P  = 

=  745.8  mm,  t=  22. 5*;  A)  degree 
of  absorption  of  COj  or  NH3  (%),  B) 
gas  rate  (mV>Tt* '  hour);  curves;  1) 
NH3,  2)  CO2. 


A 


Fig.  10.  Effect  of  volumetric  gas 
rate  on  the  coefficients  of  absorp¬ 
tion  of  gaseous  CO2  and  NH3  in 
water;  CO2  concentration  in  gas 
8. 1%  NH3  in  gas  16.2%  n  =  1850 
rpm,  P  =  745, 8  mm,  t  =  23. 05* ; 
A)  absorption  rate  coefficient 
(kg/m®.  hour  -  atmos),  B)  gas 
rate  (mVm*  •  hour);  curves-.  1) 
NHj,  2)C02. 
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F  ig,  11.  Variation  of  the  degree  of 
absorption  of  CO2  with  concentrations 
of  (NH4)2C03  and  NH4HCO3  in  solution 
(in  combined  absorption  of  CO2  and 
NH3);  concentration  of  CO2  8%  NH3 
8.16%  w=  500  mVtn*  •  hour,  n  =  1850 
rpm,  tj^y  =  35-36’,  P  =  756  mm;  A) 
degree  of  absorption  of  CO2  (%),  B) 
salt  concentration  C  •  10  (g/ liter); 
a)  NH4HCO3.  b)  (NH4)2  CO3.  Ratio 
NH3  ;  CO2  -.  1)  2  ;  1,  2)  1  :  1. 


With  regard  to  the  variations  of  the  degree  of  ab¬ 
sorption  of  CO2  with  the  concentration  of  ammonium 
carbonates  and  with  the  NH3  ;  CO2  in  the  gas.  Fig.  11  shows  that  these  variations  are  considerable.  In  this 
figure,  the  continuous  lines  represent  absorption  of  C02■^  NH3  by  (NH4)2C03,  and  the  broken  lines,  by  NH4HCO3. 

It  follows  from  this  graph  that  under  equal  conditions  the  degree  of  absorption  falls  with  increasing  con¬ 
centration  of  ammonium  carbonates  in  solution,  because  of  »^he  increasing  concentration  of  ammonium  carbonates 
in  solution,  because  of  the  increasing  viscosity  of  the  solution  and  increasing  pressures  of  NH3  and  CO2  in  solution. 


996 


It  follows  from  these  experiments  that  at  high  concentrations  of  carbonates  in  the  liquid  phase  the  best 
results  are  obtained  with  the  use  of  excess  ammonia. 

SUMMARY 

1.  Absorption  of  CO2  from  the  gas  phase  by  aqueous  ammonia  solutions  proceeds  at  a  high  rate  under 
conditions  of  high  turbulence.  The  degree  of  absorption  is  also  high  under  such  conditions. 

2.  Analogously,  the  combined  absorption  of  NH3  and  CO2  with  formation  of  carbonates  also  proceeds  at 
a  high  rate. 

3.  At  low  concentrations  of  ammonium  carbonates  in  solution  the  absorption  proceeds  at  the  highest  rate 
at  molar  concentration  ratio  NHj: COj  =  li  1  as  the  process  Involves  primary  formation  of  NHiHCOj.  At  high 
contents  of  ammonium  carbonates  in  the  liquid  phase  absorption  of  CO{  is  most  complete  in  presence  of  excess 
NHj  in  the  gas. 

4.  It  follows  from  these  experimental  results  that  relatively  little  power  is  required  for  effective  removal 
of  CO2  from  nitrogen— hydrogen  mixtures  with  simultaneous  production  of  ammonium  carbonates.  It  then  be¬ 
comes  unnecessary  to  absorb  CO2  In  water,  and  power  consumption  for  compression  of  the  gas  is  reduced  sharply. 
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One  rational  method  for  removal  of  CO2  from  nitrogen-hydrogen  mixture  is  to  combine  this  process  with 
conversion  of  CaSO^  into  ammonium  sulfate.  This  method  is  promising  because  the  removal  of  CO2  from  the 
gas  is  accompanied  by  production  of  a  valuable  fertilizer  without  consumption  of  sulfuric  acid.  This  process  has 
been  adopted  industrially  in  certain  countries  and  has  been  studied  by  numerous  workers  both  in  the  USSR  and 
abroad  [  1). 

Since  the  conversion  of  calcium  sulfate  and  absorption  of  CO2  are  slow  under  the  usual  conditions,  to 
accelerate  these  processes  we  used  horizontal  rotary  reactors  in  which  the  gas  and  liquid  phases  were  intensively 
mixed.  These  reactors  are  of  analogous  design  to  the  high-speed  rotary  absorbers,  descriptions  of  which  with 
relevant  design  calculations  were  published  earlier  [2-5]. 


EXPERIMENTA  L 

In  the  first  series  of  experiments, we  studied  the  effect  of  hydrodynamic  conditions  in  the  apparatus  on  the 
rate  of  conversion  of  CaS04  by  10%  ammonium  carbonate  solution.  After  the  optimum  conditions  had  been  found, 
the  rate  of  conversion  of  CaS04  was  studied  when  this  process  was  carried  out  in  conjunction  with  absorption  of 
CO2  and  NHs.  The  experiments  were  performed  in  a  large  laboratory  unit  described  and  Illustrated  in  the  pre¬ 
ceding  paper  [6].  The  hydrodynamic  conditions  in  the  absorber  were  varied  by  variations  of  the  disk  speed,  and 
in  the  first  series  of  experiments  also  by  variations  of  the  gas  rate.  The  degrees  of  absorption  of  NH3  and  CO2 
were  determined  from  the  concentrations  of  these  gases  at  the  absorber  entry  and  exit.  The  gases  were  analyzed 
by  the  evacuated  flask  method  [6]. 

The  degree  of  conversion  of  CaS04  was  found  from  the  amount  of  (NH4)2C03  converted  and  the  amount  of 
(NH4)2S04  formed.  The  content  of  the  latter  in  solution  was  determined  by  the  formaldehyde  method  [7]. 


RESULTS  OF  THE  INVESTIGATIONS 

In  the  first  series  of  experiments, the  effect  of  agitation  intensity  on  the  conversion  rate  of  CaS04  was 
studied.  A  solution  containing  116  g  of  (NH4)2C03  per  liter  was  poured  into  a  horizontal  rotary  reactor  with  4 
disks  attached  to  a  horizontal  shaft,  and  finely  powdered  CaS04  ■  2H2O  was  then  added,  the  amount  being  100  g 
calculated  as  100%CaSO4.  Each  experiment  was  continued  for  3  minutes,  and  the  (NH4)2S04  and  (NH4)2C03 
contents  of  the  liquid  phase  were  then  determined. 

From  the  results  the  degree  of  CaS04  conversion  was  calculated;  the  values  are  plotted  in  Fig.  1*  It  is 
seen  that  the  conversion  of  CaS04  greatly  increases  with  increased  turbulence  of  the  system,  which  is  determined 
by  the  disk  speed.  The  degree  of  CaS04  conversion  rises  sharply  with  shaft  speed  and  at  n  =  400-500  rpm  (peripheral 

•Communication  II. 

•  •In  each  separate  experiment  fresh  portions  of  (NH4)2C03  solution  and  CaS04  •  2H2O  were  introduced  as  the  disk 
speed  was  changed. 
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Fig.  1.  Variation  of  the  degree  of  con¬ 
version  of  CaSO^  by  (NH4)2COj  solution 
with  shaft  speed  or  peripheral  disk  speed, 
with  116  g/ liter  of  (NH4)2C05  and  100  g/ 
liter  of  CaS04  in  the  liquor;  t  =  30*, 

P  =  750  mm,  duration  of  each  experi¬ 
ment  3  minutes;  A)  degree  of  conversion 
(%),  B)  peripheral  disk  speed  (m/ second), 
C)  shaft  speed  (rpm). 


A 


B 


disk  speed  v^j  =  2-2.5  m/second)  it  reaches  90-94‘7o  withi  n  3 
minutes  of  phase  contact. 

Further  increase  of  the  disk  speed  leads  to  only  a  slight 
increase  of  the  degree  of  conversion. 

For  example,  with  a  phase  contact  time  of  3  minutes  the 
amount  of  CaS04  converted  is  24  g/ liter  at  50  rpm,  and  94 
g/ liter  at  500  rpm.  Accordingly,  in  the  second  case  the  amount 
of  CaS04  converted  into  ammonium  sulfate  is  increased  94/24fia 
w3. 9-fold  It  follows  that  if  sulfuric  acid  is  replaced  by  gypsum 
in  the  production  of  ammonium  sulfate  the  process  can  be  ac¬ 
celerated  by  increasing  the  turbulence  of  the  system.  The  ac¬ 
celeration  of  the  process  is  probably  the  consequence  of 
mechanical  removal  of  the  diffusion  film  of  insoluble  CaCOj 
formed  in  the  surface  of  the  gypsum  particles  by  the  reaction 

GaS04  -I-  (NH4)iC0.,  =  Ca(:03  4  (Nll4).2S04.  (i) 

In  conditions  of  laminar  flow,  the  thickness  of  the  CaCOj 
layer  on  the  gypsum  particles  increases  as  the  reaction  proceeds, 
and  the  reaction  rate  slows  down  as  a  result. 

With  intensive  agitation  of  the  interacting  phases, the 
protective  CaCO,  layer  is  continuously  destroyed  and  the  surface 
of  the  CaS04  particles  is  renewed,  so  that  the  reaction  rate  in¬ 
creases.  The  bend  in  the  curve  in  Fig.  1  (n  =  500  rpm)  indicates 
that  the  agitation  regime  attained  at  this  degree  of  conversion 
is  the  most  rational,  as  the  maximum  effect  is  produced  with 
the  least  expenditure  of  energy  for  agitation. 


Fig.  2.  Variation  of  the  degree  of  conversion  of 
CaS04  into  (NH4)2S04  with  the  duration  of  the 
experiment,  with  8.4*70 NHj  in  solution,  COj  con¬ 
tent  10.6%,  P  =  750  mm;  CaS04  content  of 
original  liquor  126  g/ liter,  t  =  27*C;  A)  degree 
of  CaS04  conversion  (g/ liter),  B)  degree  of 
CaS04  conversion  (%),  C)  duration  of  experi¬ 
ment  (minutes);  volumetric  gas  rate  (m®/ m** 


In  the  subsequent  experiments ,we  studied  the  rate  of  ab¬ 
sorption  of  COj  when  this  process  was  combined  with  conversion 
of  gypsum. 

In  these  experiments  an  aqueous  suspension  of  gypsum  in 
the  rotary  reactor  was  saturated  with  ammonia  to  a  content  of 
8.4%NH3.  The  ammoniacal  suspension  of  gypsum  was  then  used 
for  absorption  of  CO2  from  gas  under  the  following  conditions: 
^shaft  “  *  “  27.5-28.0*  P  =  750  mm,  CaS04  content 

of  ammoniacal  liquor  126  g/ liter,  CO2  content  of  gas  10.6%. 
The  experiments  were  performed  at  three  different  gas  rates: 
250,  500,  and  700  m^rn®-  hour.  The  results  showed  that  the 
degree  of  CO2  absorption  decreases  as  gypsum  is  consumed  in 
the  reaction.  The  absorption  of  CO2  at  w  =  250  mVm*  hour 
virtually  ceases  at  the  12th  minute  because  of  the  complete 
conversion  of  the  gypsum  and  NH3  present  in  the  liquor. 

These  experiments  also  showed  that  the  degree  of  CO2 
absorption  falls  with  increase  of  the  volumetric  gas  rate. 


•  hour):  1)  700,  2)  500,  3)  250.  ^  ^  r  .1  v. 

Analogous  experiments  were  performed  under  the  same 

conditions  to  study  the  effect  of  the  volumetric  gas  rate  on  the  conversion  rate  of  CaSO^  The  results  of  these 

experiments  are  given  in  Fig.  2.  It  is  seen  that  increase  of  the  volumetric  gas  rate  accelerates  the  conversion  of 

CaS04  considerably,  owing  to  increase  of  the  molar  CO2  concentration  and  higher  turbulence  of  the  system. 


The  last  series  of  experiments  was  concerned  with  the  influence  of  CaS04  and  (NH4)2  CO3  concentrations 
in  the  liquor  on  the  degree  of  CaS04  conversion  at  n  =  1200  rpm,  t  =  23“,  and  P  =  750  mm.  The  concentrations 
of  CaS04  •  H2O  and  (NH4)2C03  used  are  given  below. 
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Fig.  3.  Variation  of  the  degree  of  con¬ 
version  of  CaSO^  into  (NH4)jS04  with  the 
duration  of  the  experiment  at  t  =  22r, 

P  =  750  mm,  n  =  1200  rpm,  vj  =  6  m/ 
second;  A)  degree  of  CaSO^  conversion 
(%),  B)  duration  of  experiment  (minutes); 
contents  of  CaS04  and  (NH4)^08  res¬ 
pectively  (in  g/ liter >.  1)  6.3  and  5.7, 

2)  63  and  57,  3)  126  and  115.6. 


(:aS(l4  .  llgO 

6.3  .').7 

«)3  57 

1 2f;  II  5.6 


The  results  obtained  at  these  concentrations  are  plotted  In 
Fig.  3,  where  the  duration  of  the  experiment  (in  minutes)  is  taken 
along  the  abscissa  axis  and  the  degree  of  CaS04  conversion  along 
the  ordinate  axis.  It  follows  from  these  results  that  the  highest 
rate  corresponds  to  the  average  concentrations  represented  by 
Curve  3  (64  g  CaS04  and  57  g  (NH4)2COj  per  liter). 

Comparison  of  the  values  on  Curve  2  of  Fig.  3  with  the 
values  on  the  curve  in  Fig.  1  shows  that  decrease  of  temperature 
from  30*(Fig.l)  to  23’’(Fig.3)leads  to  a  decrease  of  the  degree  of  con¬ 
version  under  otherwise  similar  conditions.  Increase  of  tempera¬ 
ture  has  a  favorable  effect'^n  this  process.  Experiments  showed 
that  the  optimum  temperatures  are  in  the  28-38"  range.  Above 
and  below  this  range  the  rate  of  CaS04  conversion  decreases.  At 
temperatures  below  25-28"  the  reaction  rate  falls,  while  at  tem¬ 
peratures  above  38-40"  the  CO2  and  NH3  pressures  in  solution  and 
the  gas  viscosity  Increase. 


SUMMA  RY 

1.  It  was  shown  in  a  study  of  the  rate  of  conversion  of  gypsum  into  ammonium  sulfate  in  conjunction  with 
removal  of  CO2  from  the  gas  that  the  gypsum  conversion  rate  Increases  considerably  under  conditions  of  high 
turbulence.  This  Is  accompanied  by  a  high  degree  of  COj  absorption  with  almost  complete  conversion  of  CaS04 
into  ammonium  sulfate. 

2.  The  experimental  data  presented  in  this  paper,  and  the  method  used,  may  also  be  of  Interest  to  the  coke 
by-product  industry  in  relation  to  the  removal  of  NH3  and  CO2  from  coke-oven  gas. 
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ACTION  OF  ACID  SOLUTIONS  ON  VITREOUS  LITHIUM  SILICATES 


S.  K.  Dubrovo 


The  extent  and  nature  of  chemical  breakdown  of  vitreous  silicates  by  aqueous  solutions  depend  on  manv 
factors.  The  most  Important  of  these  are  the  state  of  the  silica  In  the  glass,  which  depends  on  the  composition 
of  the  glass,  the  hydrogen-ion  concentration  of  the  acting  solution,  the  nature  of  the  reaction  products  on  the 
glass  surface  and  in  solution,  which  determine  secondary  reactions,  etc. 

In  a  study  of  the  action  of  aqueous  solutions  on  vitreous  sodium  silicates>we  regarded  the  primary  process 
to  be  exchange  of  sodium  ions  in  the  glass  with  hydrogen  ions  from  solution  f  1].  In  the  case  of  lithium  silicate 
glasses  there  may  be  an  analogous  reaction  represented  by  the  scheme 

Li+(Si.O„)-  -f  H+  H(Si,0„.)  -f  Li+. 

In  principle,  the  character  of  chemical  attack  should  be  the  same  for  lithium  as  for  sodium  silicate  glasses. 
However,  in  view  of  the  different  ionic  radii  of  lithium  and  sodium  in  the  silicates,  the  difference  between  the 
rates  of  attack  should  Increase  with  Increasing  contents  of  alkali  metal  oxides  in  the  glasses. 

There  Is  hardly  any  Information  in  the  literature  on  the  chemical  durability  of  simple  lithium  silicate 
glasses. 

The  purpose  of  the  present  Investigation  was  to  study  the  decomposition  of  glassy  lithium  silicates  In  acid 
solutions  In  relation  to  the  silica  contents  of  the  glasses,  and  to  compare  the  results  with  the  chemical  durability 
of  sodium  silicate  glasses. 


EXPERIMENTAL 


The  lithium  silicates  studied  were  in  the  composition  range  with  Ll^O  :  SIO2  ratios  from  1: 1, 4  to  1: 5,  which 
corresponded  to  LI2O  contents  between  16.7  and  41.7  molar  °]o. 


Method  of  investigation.  The  preparation  of  these  glasses  was  described  earlier  [2].  The  investigations 
were  performed  mostly  with  powders  separated  between  sieves  with  110-140  ^  holes,  washed  free  from  dust  frac¬ 
tions  In  alcohol  and  dried  at  110". 


At  this  grain  size  the  total  calculated  surface  area  of  1  g  of  the  powder  was  from  192  to  209  cm*  (according 
to  the  density  of  the  glass).  With  glasses  of  high  chemical  resistance  1  g  samples  were  taken,  and  with  less  resist¬ 
ant  glasses,  0.5  g  samples.  In  the  case  of  unstable  glasses  plates  10-15  cm*  in  area  were  used,  in  order  to  keep 
the  composition  of  the  acting  solution  as  constant  as  possible.  The  experiments  were  performed  in  quartz  beakers 
at  40",  with  120  ml  of  liquid  stirred  by  means  of  a  quartz  stirrer.  The  stirring  rate  was  such  that  the  powder 
remained  in  suspension  and  was  uniformly  washed  by  the  liquid.  Samples  were  taken  after  1,  2,  4,  and  6  hours. 
Before  a  sample  was  filtered.  The  chemical  durability  of  lithium  glasses  was  studied  by  determinations  of  the 
amounts  of  glass  components  dissolved  in  a  definite  time.  These  amounts  were  then  calculated  as  moles  of  the 
corresponding  oxides  per  1  cm*  of  the  original  glass  surface  (n^^Q  OgjQ^).  The  process  was  also  characterized  in 


"^SiO, 


terms  of  a=- 


which 


Li,0 


attacked  by  the  solution.  Here 


represents  the  fraction  of  silica  which  passed  into  solution  from  the  layer  of  glass 
X  represents  the  silica  content  of  the  original  glass,  the  composition  of  which  is 
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expressed  as  LI2O  •  xSiO].  The  amount  of  silica  in  solution  was  determined  by  the  colorimetric  method  described 
earlier  [1].  Lithium  oxide  was  also  determined  colorimetrically,  by  means  of  the  FEK-M  colorimeter,  by  the 
fenicyanide  method  described  by  Forster  [  3].  Special  experiments  were  carried  out  to  test  the  effect  of  silicic 
acid  In  solution  on  the  accuracy  of  lithium  determinations. 


TABLE  1 

Action  of  Hydrochloric  Acid  Solutions  on  Lithium  Silicates 


Molar  ratio 

-- 

Components, 

a 

„  .  10*  (in  moles/ cm* )  during  time 
fliQurs):_ 

Acid  con¬ 
centration 
(normality) 

Ll.O 

SIC, 

0 

6 

L'hO 

.17 

20 

33 

40 

1 

SiO‘i 

().(»() 

0.00 

0.07 

0.07 

1  0.1 

1 

1.4 

- 

0.(K)2 

0.(K)2 

0.(K)2 

0.001 

1 

LijO 

31 

42 

.56 

128 

SiOa 

Not  de 

tec  ted 

1  ' 

U-iO 

3.07 

3.97 

5.98 

8.0 

1 

1 

1.7  , 

SiOa 

— 

— 

0.01 

0.01 

0.1 

(I 

— 

— 

0.(M)1 

0.001 

1 

0.7(1 

0.98 

1.05 

1.83 

j 

1 

SiOz 

— 

— 

— 

0.006 

1  0.1 

a 

— 

— 

— 

0.(X)1 

1 

( 

LiijO 

0.9(i 

1.1 

2.0 

2.0 

1 

1 

i 

SiOa 

Not  detected 

1 

LiiiO 

0.1  (; 

0.29 

0..55 

0.59 

1 

1 

2.3 

0.1 

SiOa 

-• 

— 

0.005 

0.(H)6 

) 

Li20 

0.1  1 

0.1.5 

0.25 

0.33 

1 

1 

3 

}  0.1 

SiOz 

— 

— 

0.(K)1 

0.(K)1 

1 

IA2O 

0.22 

0.27 

0.34 

0.44 

1 

SiOa 

Not  detected 

1  ' 

Li-iO 

0.19 

0.22 

0.30 

0.30 

1 

i 

4 

0.1 

SiOa 

Not  detected 

/ 

( 

Li./) 

0.19 

0.20 

0.23 

0.30 

1 

1 

5  { 

0.1 

1 

vSiU2 

N ot  detected 

Chemical  durability  of  vitreous  lithium  silicates  In  hydrochloric  acid  solutions.  The  effects  of  0. 1  N  and 
1  N  hydrochloric  acid  solutions  on  the  above-named  lithium  silicates  were  studied.  The  results  are  presented 
in  Table  1  and  in  Fig.  1  and  2.  It  follows  from  Table  1  and  Fig.l  that  the  rate  at  which  lithium  oxide  goes 
Into  solution  from  bisilicate  and  from  glasses  of  higher  silica  contents  (1  ;  3,  1  :  4,  1:  5)  falls  with  time.  This 
Indicates  that  a  residual  protective  layer  is  formed  on  the  surface  of  these  glasses  It  is  seen  in  Fig.  2  that  the 
plot  of  the  logarithm  of  the  amount  of  lithium  oxide  dissolved  against  the  silica  content  of  the  glass  Is  a  smooth 
curve  without  any  inflections  corresponding  to  special  points  on  the  phase  diagram  for  the  system  LijO—SiOj. 
With  increase  of  the  silica  content  of  the  glass  from  58  to  70  molar  %the  amount  of  dissolved  lithium  oxide  in¬ 
creases,  but  further  increase  of  the  silica  content  has  almost  no  effect  on  the  leaching  rate 

It  is  clear  from  Table  1  that  the  amount  of  silica  dissolved  out  of  lithium  silicate  glasses  Is  very  small. 
Even  with  such  a  relatively  unstable  glass  as  1;  1.4  the  fraction  of  silica  dissolved  out  of  the  attacked  layer  does 
not  exceed  0.2%  (a  =  0.002).  With  the  1:3  composition  and  with  glasses  of  higher  silica  contents  SIOj  was  not 
detected  at  all  In  the  solution. 


1002 


Fig.l.Action  of  0.1  N  hydro¬ 
chloric  acid  solution  at  40* 
on  vitreous  lithium  silicates; 
A)  values  of  n^j^*  10"® 
(moles/cm*)  B)  time  (hours); 
molar  ratio  of  Li20  to  SiO^: 
1)  1:1.7,  2)  1:2,  3)  1:2.3,  4) 
1:3, 1:4  and  1:5. 


Increase  of  the  hydrochloric  acid  concentration  from 
0.1  to  1  N  increases  the  amount  of  lithium  oxide  dissolved; 
the  extent  of  this  increase  is  greater  for  glasses  of  lower 
stability.  Silica  is  not  dissolved  out  to  any  appreciable  extent 
by  the  action  of  1  N  hydrochloric  acid  on  lithium  glasses 
under  these  conditions. 

Thus,  lithium  silicate  glasses  are  characterized  by 
leaching  out  of  lithium  oxide  with  formation  of  hydrated 
silica  on  the  glass  surface.  The  leached -out  glass  layer 
contains  water,  the  amount  of  which  is  ~  l&’/o  in  the  case 
of  1:1.4  glass. 

Comparison  of  chemical  durability  of  vitreous  lithium 
and  sodium  silicates  In  acid  solutions.  The  durability  of 
lithium  and  sodium  glasses  In  hydrochloric  acid  solutions  was 
compared  In  experiments  performed  under  the  same  condi¬ 
tions.  For  clearer  comparison,  we  calculated  (with  certain 
assumptions)  the  depth  of  the  attacked  glass  layer  and  the 
thickness  of  the  residual  silica  layer. 

The  depth  of  the  attacked  layer  was  calculated  from 
the  amount  of  dissolved  lithium  oxide  (oLi^o^  means  of 
the  formula  used  earlier  for  soda  glasses  [1]; 


A 


Fig.  2.  Variation  of  the  amount  of  LljO 
dissolved  out  during  6  hours  with  the 
composition  (in  the  action  of  0.1  N  hy¬ 
drochloric  acid  on  lithium  sllicates> 

A)  values  of  log  nLi^*10“®,  B)  SIO2 
contents  (molar  '^o). 


PLi,o  — 


"Li,0  ■ 

n  •  rl 


where  M  is  the  molecular  weight  of  Lip,  a  is  the  Li20  con¬ 
tent  (in  wt.  %),  and  d  is  the  density  of  the  glass.  Similarly 
it  is  possible  to  calculate  pSi02  •  which  represents  the  de¬ 
crease  in  the  thickness  of  the  residual  silica  layer  as  the  result 
of  partial  dissolution.  The  difference  between  these  values 
(p=PLi2o)  Represents  the  thickness  of  the  residual  layer  on 
the  glass  surface. 

Since  the  amounts  of  Si02  dissolved  are  negligible  in 
comparison  with  Li20  when  acids  act  on  lithium  glasses,  it 
may  be  assumed  in  practice  that  p=p  q  In  the  case  of 
sodium  silicates  PsjQ  taken  into  account  for 

glasses  containing  less  than  68^0  silica. 


Of  course,  these  calculations  are  conventional,, as  they 
Involve  a  number  of  assumptions  to  which  attention  was  drawn  in  our  Investigation  of  sodium  glasses  [1],  How¬ 
ever,  the  results  demonstrate  very  clearly  the  relative  chemical  durability  of  vitreous  lithium  and  sodium  silicates. 
The  depths  of  attack  of  these  glasses  by  the  action  of  0. 1  N  hydrochloric  acid  solution  during  6  hours  are  compared 
in  Table  2. 


These  results  indicate  that  vitreous  lithium  silicates  are  more  resistant  to  acids  than  sodium  silicates  of  the 
coiTMpondlng  molecular*  composition.  The  difference  between  the  depths  of  corrosion  decreases  with  increasing 
silica  contents. 


DISCUSSION  OF  RESULTS 

If  the  action  of  aqueous  solutions  on  alkali  silicates  is  regarded  as  a  process  which  causes  breakdown  of 
Sl—O— Me  and  Sl—O—SI,  linkages,  the  forces  of  attraction  between  the  cations  and  oxlgen  must  be  taken  Into 

z  •  Z-, 

consideration.  These  forces  are  represented  by  the  equation — _ rL  ,  where  z^  is  the  valence  of  the  cation. 
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Zq  is  the  valence  of  oxygen,  and  £  is  the  interionic  distance  (r^  +  to).  Assuming  the  ionic  radii  in  silicates 
to  be  0.78  A  for  lithium,  0.98  A  for  sodium,  and  1.33  A  for  potassium,  we  find  the  following  values  for  the 
forces  of  attraction;  0,45,  0.37,  and  0.27  respectively.  Of  course,  we  cannot  assume  a  strict  quantitative  con¬ 
nection  between  the  chemical  durability  of  alkali  silicates  and  the  strength  of  the  Me-O  bonds  in  them,  but 
undoubtedly  the  corrosion  of  simple  silicates  should  diminish  with  increase  of  this  strength.  It  follows  that 
lithium  silicates  should  have  higher  chemical  durability  than  the  corresponding  sodium  and  potassium  silicates 

With  Increase  of  the  lithium  content  in  silicates  the  number  of  Si-O— Si  linkages  broken  down  increases. 
This  weakens  the  resistance  of  the  the  silicon— oxygen  framework  to  the  corrosive  action  of  chemical  reagents, 
as  in  the  case  of  sodium  silicates.  However,  since  the  lithium  ion  has  a  stronger  field  of  force  than  other  alkali- 
metal  Ions,  its  bond  strength  with  singly-bonded  oxygens  should  favor  greater  strength  of  the  structure  as  a  whole. 

It  follows  from  literature  data  and  our  results  [2-4]  that  lithium  glasses  are  more  closely  packed  than  the 
corresponding  sodium  glasses.  It  is  therefore  to  be  expected  that  ions  should  diffuse  more  slowly  into  solution 
from  lithium  glasses  than  from  glasses  with  a  more  open  structure.  This  fact  should  also  increase  the  chemical 
durability  of  lithium  glasses. 

Our  experimental  results  are  consistent  with  the  foregoing  considerations. 


TABLE  2 

Depth  of  Corroded  Glass  Layers  (in  In  the  Action  of  0.1  N 
Hydrochloric  Acid  Solution  During  6  Hours 


Comp' 

1.1,0 

osition  (m 

Na,0 

olar  %) 

SiO, 

pk,o 

PSIO, 

1 

P 

37.1  ♦ 

02.9 

3./i 

3.4 

— 

37.1 

02.9 

130 

30 

KKl 

33.3 

— 

06.7 

1.2 

— 

1.2 

— 

33.3 

00.7 

09 

0.07 

69 

30.3 

— 

09.7 

0.4 

— 

0.4 

— 

30.3 

09.7 

39 

— 

39 

2.5 

— 

7.5 

0.3 

— 

0.3 

— 

2.5 

75 

8.0 

-- 

8.0 

20 

— 

SO 

0.3 

— 

0.3 

— 

20 

SO 

1.9 

— 

1.9 

•Under  the  action  of  hydrochloric  acid  during  4  hours. 

SUMMARY 

1.  The  corrosion  of  vitreous  lithium  silicates  with  LijO  ;  Si02.  ratios  from  1:1  to  1:5  in  hydrochloric 
acid  solutions  was  studied;  it  was  found  that  a  plot  of  the  logarithm  of  the  amount  of  lithium  oxide  dissolved 
out  against  the  silica  content  of  the  glass  gives  a  smooth  curve  s  without  any  inflections  corresponding  to  special 
points  on  the  phase  diagram  for  the  system  Li20— Si02. 

2.  Lithium  silicate  glasses  are  characterized  by  leaching  out  of  lithium  oxide  with  formation  of  a  layer 
of  hydrated  silica  on  the  glass  surface. 

3.  Vitreous  lithium  silicates  are  attacked  to  a  smaller  depth  by  acid  solutions  in  a  given  time  than  sodium 
glasses  of  the  corresponding  molecular  composition.  The  difference  between  the  acid  resistances  of  these  glasses 
diminishes  with  increasing  silica  content. 
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A  STUDY  OF  THE  OPTICAL  PROPERTIES  OF  SODIUM 
ALUMINOBORbSILIC  ATE  GLASSES* 

A.  A.  Appen  andGan’  Fu-sl(Kan  Fu-si) 


Among  the  oxides  Introduced  into  glass,  AljOj  and  BjO,  are  of  special  significance,  as  boron  and  aluminum 
Ions  each  have  two  coordination  numbers  (3.4  and  4.6  respectively),  and  boron— oxygen  and  aluminum— oxygen 
tetrahedrons  often  replace  isomorphously  silicon- oxygen  tetrahedrons.  The  simultaneous  presence  of  Al203and 
BjOj  In  glass  results  in  peculiar  variations  of  properties  with  composition.  This  effect  has  been  named  the  alumlno 
borate  anomaly  [1].  As  is  known,  borosllicate,  aluminosilicate,  and  alumlnoborosillcate  glasses  are  widely  used 
In  practice.  Systematic  studies  of  the  properties  of  glasses  containing  AljO,  and  B2O3  are  of  Importance  both  In 
practice  and  in  theory,  as  they  give  better  Insight  into  certain  questions  of  glass  structure. 

The  optical  properties  of  sodium  aluminosilicate  glasses  containing  up  to  6®7o  AI2O3  were  systematically 
studied  by  Faick  and  Young  [2].  It  was  found  that  the  refractive  Index  increases  as  silica  Is  replaced  by  alumina 
(equal  percentages  by  weight).  Morey  and  Merwin  [3]  determined  the  refractive  Indices  of  certain  glasses  with 
high  alumina  contents. 

The  optical  properties  of  sodium  borosllicate  glasses  had  been  studied  earlier  by  Turner  [41,  English  [5], 
and  others.  Detailed  data  were  obtained  by  Turner  and  Wang  [6].  As  silica  is  replaced  by  boron  oxide, the 
curves  showing  variations  of  refractive  index  pass  through  maxima,  but  the  position  of  the  maximum  varies  with 
the  Na20  content.  The  average  dispersion  remains  almost  unchanged,  while  the  Abbe  number  first  increases  and 
then  remains  almost  constant. 

Investigations  of  the  optical  properties  of  glasses  containing  Ali03  and  B2O3  simultaneously  have  only 
recently  been  started.  It  has  been  reported  [  1]  that  in  certain  glasses  n^  and  np  — n^^  decrease  as  silica  is 
replaced  by  alumina.  This  is  an  unusual  effect  which  has  been  given  the  name  of  the  alumlnoborate  anomaly  [7]. 

We  studied  the  optical  properties  of  three  series  of  glasses. 

I.  16  NajO-yBjOj.  XAI2O3.  (84-x-y)  Si02,  where  x-0,  4,  8,  12;  y-0,  4,  8,  12,  16,  20,  24,  32. 

Na,0 

The  NagO  content  was  constant.  Silica  was  replaced  by  alumina  or  boric  anhydride  at  different  r— ^ —  ratios 

B2O3 

II.  (32— y)  Na20  •  yB203  •  XAI2O3  (68— x)Si02,  where  x  —  0,  4.  8,  12;  y— 0,  4,  8,  12,  16,  20,  24, 

28,  32.  The  ratio  was  varied  and  silica  was  replaced  by  alumina,  or  at  constant  contents  of  AI2O3  and 

Si02  sodium  oxide  was  replaced  by  boric  anhydride. 


IIL  (20  — y)  Na20’*  yB203  •  XAI2O3  •  (80— x)Si02,  where  x—0,  4,  8,  12;  y“0,  4,  8,  12.  The  composi¬ 
tion  was  varied  as  in  the  second  series,  but  the  Si02  contents  were  higher. 

Thp  oxide  contents  of  the  glasses  are  expressed  in  molar  percentages. 

About  seventy  different  glasses  were  prepared.  The  glasses  were  melted  in  a  platinum  crucible  in  a  Silit 
furnace.  The  melts  were  stirred  vigorously  by  means  of  a  platinum  stiner  in  order  to  attain  a  high  degree  of  homo¬ 
geneity.  The  glasses  were  carefully  annealed. 

•Communication  I  in  the  series  on  the  alumlnoborate  anomaly  of  properties  of  silicate  glasses. 
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Pure  reagents  were  used  in  preparation  of  the  batches.  To  diminish  errors  due  to  volatilization  of  alkali, 
the  basic  alkali  silicate  glasses  were  melted  first,  and  the  other  components  were  then  added.  Possible  volatil¬ 
ization  of  BjOj  was  also  taken  into  account  when  the  batches  were  made  up.  The  results  of  check  analyses 
showed  that  in  most  instances  the  difference  between  the  synthetic  and  analytical  compositions  of  the  glasses 
was  negligibly  small. 

The  optical  constants  of  the  glasses  were  determined  at  different  wavelengths  by  means  of  the  Pulfrlch 
refrac  tome  ter,  and  densities  were  determined  by  hydrostatic  weighing.  The  accuracy  was  to  within  ±  1  •  10 
in  the  refractive  index  determinations,  and  to  within  ±  1  •  10”*  In  the  density  determinations. 

In  this  paper  we  present  a  brief  account  of  the  results  obtained  In  investigations  of  the  refractive  index 
njj  ,  mean  dispersion  np  "n^-,  density  d,  and  molecular  refraction  MR. 

EXPERIMENTAL  RESULTS 

The  results  are  expressed  in  terms  of  the  relative  changes  (differences)  in  the  properties,  An^  and  Ad,  in 
the  diagrams,  while  the  conesponding  data  for  the  original  glasses  are  presented  In  Table  1. 

TABLE  1 


Refractive  Indices  and  Densities  of  the  Original  Glasses 


Glass  composition 


S 

eries  I 

D) 

N)i20 

«'» 

Si()2 

1.480 

1(> 

4 

1 

80  Si’O., . 

1.4970 

l() 

Niilo 

8 

70  yi02  . 

1..0O90 

10 

N.iaO 

12 

72  Si()2 . 

1..0i:)0 

10 

10 

1120;, 

08  SiO., . 

1..0193 

10 

Nu2<) 

20 

04  Si (>2 . 

1..0194 

10 

NagO 

2/. 

00  Si02  . 

1.1)1 90 

10 

N  H2(  ) 

32 

1^203 

.  02  SiO,  r . 

I..")  1.01 

Series  II 


32 

Na20 

08 

Si02 

i..0049 

2.494 

28 

NaaO 

4 

08 

Si  62 

1..0093 

2.497 

24 

Na20 

8 

08 

Si02 

1..01.38 

2..0O,0 

20 

•NaaO 

12 

M2O3  . 

08 

SiOp 

1..0183 

2..013 

10 

NaaO 

10 

II2O3  . 

08 

Si02 

1..0193 

2.498 

12 

Na,0 

20 

II2O3  . 

08 

Si02 

1..0004 

2.402 

8 

Na,0 

24 

11203  • 

08 

Si02 

1.4817 

2.239 

4 

Na20 

28 

II2G3  • 

08 

Si02 

1.403 

2.131 

32 

II2O3  . 

08 

Si02 

1.4.00 

2.120 

s 

erl 

es 

III 

20 

NagO 

80 

SiO, 

1.493 

2.380 

10 

Na,0 

4 

11,0,  • 

80 

Si62 

1.4970 

2.414 

12 

Na,0 

8 

H.2O3  . 

80 

Si02 

1..0007 

2.411 

8 

Na.,0 

12 

11,().,  • 

80 

SiO, 

1.4913 

2.340 

For  aluminosilicate  glasses,  as  a  rule,  the  refractive  index  Increases  continuously  as  silica  is  replaced  by 
alumina,  but  it  must  be  pointed  out  that  the  effect  of  n^  Increase  is  greater  with  Increase  of  Si02  content  (Fig.  1). 

For  aluminoborosillcate  glasses, the  variations  of  n^  and  other  properties  present  a  more  complex  picture. 

In  the  first  series,  at  low  (<2)  ratios,  the  refractive  index  decreases  as  silica  Is  replaced  by  alumina 

B2O3  ^  ^ 

(Fig.  2),  and  the  effect  of  n^  decrease  is  intensified  with  decrease  of  the  — —  ratio  However,  when  the 

B2O3 

the  AI2O3  content  exceeds  the  Na20  content,  further  replacement  of  Si02  by  AI2O3  results  in  an  increase  of  np. 
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4  there  is  an  appreciable  maximum  in  the  course 


Minima  appear  on  the  curves(Curves  7,8)  .When  the  ratio 
of  np  (Curve  2). 


NajO 

BjO, 


As  silica  is  replaced  by  boric  anhydride,  maxima  appear,  as  a  rule,  on  the  curves  for  n^  (Fig.  3).  Intro 
duction  of  alumina  makes  the  maximum  less  sharp,  and  its  position  shifts  toward  lower  B2O3  contents. 


The  density  variations  follow  the  same  course  as  the  variations  of  refractive  index,  but  the  relative  ac¬ 
curacy  of  the  density  determinations  Is  lower  (Fig.  4  and  5).  The  points  at  which  the  maxima  appear  on  the 
curves  for  variations  of  n^^  and  d  ,  respectively, do  not  coincide.  The  maximum  appears  somewhat  earlier  on 
the  curve  for  the  density  variations.  Table  2  gives  the  positions  of  the  maximum  at  different  AljOj  contents. 


TABLE  2 

Positions  of  the  Maxima  on  Replacement  of  Si02  by  B2O3  in  Glasses 
of  Series  I 


- 1 

Glass  characteristics 

1 - 

'’D 

d 

AI2O3  content  of  glass  (%) 

0 

4 

8 

12 

0 

4 

8 

12 

Position  of  maximum 

- 

(^8203) 

20 

18 

17 

15 

17 

15 

8 

As  silica  is  replaced  by  alumina  the  mean  dispersion  grows 
continuously  at  all  ratios,  but  it  remains  almost  un- 

B2O3 

changed  as  silica  is  replaced  by  boron  oxide. 

As  silica  Is  replaced  by  alumina  the  molecular  refraction 

ratio  does  not  affect  MR.  As 


Increases  linearly  and  the 


B2O3 


Fig.  1.  Variations  of  refractive-index 
difference  with  chemical  composition 
of  glasses  In  the  system  Na20  *  A1203* 

•  Si02  on  replacement  of  Si02  by  AI2O3; 
A)  Atip  *  10®;  B)  X  (molar  AI2O3). 
11  32Na20  •  XAI2O3  .  (68-x)  Si02, 
XAI2O3  •  (80— x)Si02, 
xAl203-  (84-x)  SIO2, 
xAl203"  (87— x)  Si02. 


2  )  20Na2O 

3)  leNajO 

4)  13Na20 


silica  is  replaced  by  boric  anhydride,MR  is  unchanged  at  first, 
in  the  13-17<7oB203  range  there  Is  a  weak  inflection,  and  after 
that  MR  Increases  continuously. 

In  the  second  series  of  glasses  the  variations  of  optical  prop¬ 
erties  follow  a  different  course.  As  silica  Is  replaced  by  alumina, 

Na,0 

nj^  increases  so  long  as  the  ratio  — ;T^3(Fig-  6,  Curves  1,  2,  3). 
Na,0 

With  decrease  of  the  — ratio  the  nr»  increase  weakens  and 
B.O,  _  D 
®  ®  Na20 

becomes  almost  zero  at  ^  =3.  After  this, n^  begins  to 

Na-O 

decrease  (Curves  4,  5,  6),  On  further  decrease  of  the  ^  ratio, 

B2O3 


positive  again  (  F 


Anp  becomes  zero  for  the  second  time  (Curve  7)  and  then  becomes 
Curves  8,  9).  It  should  be  noted  that  when  silica  is  replaced  by  alumina  in  alkali- 


free  or  low-alkali  aluminoborosllicate  glasses, n^  increases  much  more  than  it  does  for  aluminosilicate  glasses. 

Na,0 

As  silica  is  replaced  by  alumina, the  mean  dispersion  increases;  with  decrease  of  the  — ^  ratio, the  in¬ 
crease  np  —  n^  is  greater  (Fig.  7).  ^  * 

As  silica  Is  replaced  by  alumina  or  as  sodium  oxide  is  replaced  by  boron  oxide,  MR  increases  linearly  and 

the 


B2O3 


ratio  has  little  effect  on  MR  (Fig.  8) 


We  studied  the  third  series  in  order  to  determine  the  influence  of  Si02  contents  on  variations  of  the  optical 

Na~0 

properties.  In  the  second  series,  as  silica  is  replaced  by  alumina,  variations  of  the  — ratio  influence  only 

B2O3 
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Fig  2.  Variations  of  refractive -Index  difference  with 
chemical  composition  of  the  first  series  of  glasses, 
16Na20  •  yB203  •  XAI2O3  •  (84— x  — y)  SIO2  ,  on  replace¬ 
ment  of  Si02  by  AI2O3:  A)  AOp  •  10®;  B)  x  (molar  % 
AiPs):  1)  y  =  0,  21  y  =  4,  3)  y  =  8.  4)  y  =  12, 

5)  y=  16,  6)  y=  20,  7)  y  =  24,  81  y  =  32. 


A 


Fig.  3.  Variations  of  refractive -index  dif¬ 
ference  with  chemical  composition  of  the 
first  series  of  glasses,  16Na20  •  yB203  •XAI2O,. 
(84-x-y)Si02  by  B2O3;  A)AnD  ’  10®,  B)  y 
(molar ‘7<B203):  l)  x  =0,  2)  x  =4,  3)  x  =8, 


the  rate  of  increase  or  decrease  of  n^  or  d  ,  and 
there  are  no  maxima  on  the  curves  In  the  third 
series  the  variations  follow  a  different  course.  The 
curves  for  variations  of  np  and  d  have  both 
maxima  and  minima,  the  positions  of  which  depend 
Na*0 

on  the  — ratio  Variations  of  nr,  are  shown 
B2O3  D 

in  Fig.  9. 


DISCUSSION  OF  RESULTS 

In  aluminosilicate  glasses  ,the  aluminum 
ion  acquires  on  oxygen  from  Na20,  and  forms  a 
tetrahedron  (AIO4)  which  enters  the  structural 
network  and  joins  gaps  in  the  network  where 

Na+ 

sodium  ions  are  sltuat  ed  (=Si— Oj,j^^  O-Sl  =). 


As  a  result,  n^  and  d  increase,  but  only 
slightly.  In  borosillcate  glasses  the  boron  ion 
also  acquires  an  oxygen  from  Na20  and  its  coordi¬ 
nation  number  changes  from  three  (BO3)  to  four 
(BO4).  On  addition  of  alumina  to  a  borosllicate 
glass, the  glass  structure  becomes  more  complex. 

The  ratio^-^^  lies  beyond  the  limits  favorable 

for  tetrahedron  formation  [8],  and  therefore,  if 
the  content  of  Na20  is' sufficient, the  (A104)tetra- 
hedron  is  more  stabl  e  than  the  (BO4)  tetrahedron. 

This  means  that  oxygen  is  utilized  primarily  in 
transferring  aluminum  into  the  glass  framework. 

Na«0 

As  silica  is  replaced  by  alumina,  if  the  ■  ■ ■ 

B2O3 

ratio  is  low,  the  (AIO4)  tetrahedron  enters  the  frame¬ 
work  in  place  of  the  (BO4)  tetrahedron,  while  boron 
acquires  coordination  number  three.  As  a  result. 

Up  and  d  decrease  strongly.  If  the 

BjPs 

ratio  is  high,  the  (AIO4)  tetrahedrons  enter  the 


framework  without  altering  the  coordination  of 
boron,  which  retains  the  coordination  number  of 
four.  Therefore  n^  and  d  increase  as  SiOj  is 

Nap 

replaced  by  AI2O3.  At  intermediate  -  ratios 

the  np  and  ^  curves  have  maxima  or  the  de¬ 
creases  or  increases  of  n^  and  d  are  diminished. 

If  the  glass  contains  very  little  Nap  or  much 
alumina  (more  than  soda),  not  all  the  Ar  ions 
can  enter  the  framework,  and  some  act  as  modifiers, 
i.e. ,  they  retain  a  coordination  number  of  six, which 
should  increase  np  and  d  .  This  accounts  for  the 
minima  on  Curves  7,  8  (Fig.  2)  and  4  (Fig.  9).  The 
(AIO4)  and  (BO4)  tetrahedrons  bear  additional  elec¬ 
tric  charges,  and  apparently  they  cannot  become 
joined  directly  but  are  separated  by  (8104)  tetrahedrons 
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A 


Fig  4.  Variations  of  density  difference 
with  chanical  composition  of  tlie  first 
series  of  glasses,  IfJNajO  *  yBj03  •  xAljOjX 
X  (84— X  — y)  SiOj  on  replacement  of  Si02 
by  AljO,;  A)  Ad  *  10*.  B)  x  (molar«;() 
AI2O3);  l)y  =  0.21  y  =  4.  3)  y  =  8. 

4)  y  =  12,  5)  y=  16,  6)  y=  20, 

7)  y  =  24,  8)  y  =  32. 


Fig.  5.  Variations  of  density  difference  with 
chemical  composition  of  the  first  series  of  glasses, 
IBNajO  •  yBjOj-  xAljO,  •  (84-x-y)  SiOj  on  re¬ 
placement  of  Si02  by  B2O3  :  A)  Ad  '  10*,  B)  y 
(molar  ‘^()B203);  1)  x  =  0,  2)  x  =  4,  3i  x  =  8. 


or  (BO3)  triangles.  The  silicon  ion  also  tends  to 
combine  with  oxygen,  and  therefore,  in  alumino¬ 
silicate  glasses, change  of  the  coordination  number 

of  boron  depends  not  only  on  the  ^  ratio  and 

B2O3 

the  amount  of  AI2O3.  but  also  on  the  SIO2  content. 
This  influence  of  SIO2  is  revealed  when  the  results 
for  the  properties  of  glasses  of  the  second  and  third 
series  are  compared. 

When  silica  is  replaced  by  alumina,  or  sodium 
oxide  by  boric  anhydride,  the  molecular  refraction 
Increases  linearly  all  the  time,  Tliis  shows  that 
molecular  refraction  conforms  satisfactorily  to  the 
additivity  rule.  Molecular  refraction  is  almost 
uninfluenced  by  changes  in  the  glass  structure. 


A 


Fig.  6.  Variations  of  refractive -index 
difference  with  chemical  composition 
of  the  second  series  of  glasses,  (32— y)* 
•  Na20  •  yB203  •  XAI2O3  (68— x)Sf02, 
on  replacement  of  Si02  by  AI2O3: 

A)  Ano  ■  10*.  B)  X  (molar  %  AI2O3); 
1)  y  =  0,  2  )  y  =  4,  3  )  y  =  8,  4>  y  = 
=  12,  5)  y  =  16.  6)  y  =  20. 
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Fig.  7.  Variations  of  mean  disper¬ 
sion  with  chemical  composition  of 
the  second  series  of  glasses,  (32— y) 
Nap  •  yBjOj'XAljOj  •  (68-x)S102 
on  replacement  of  Si02  by  AiPj; 

A)  (np— n^-)  •  10^  B)  x  (molar  % 
AI2O3);  1)  y  =  0,  2)  y  =  4,  3)  y  =  8, 
4)  y  =  12,  5)  y  =  16,  6)  y  =  20. 


A 


Fig.  9.  Variations  of  refractive -index  dif¬ 
ference  with  chemical  composition  of  the 
third  series  of  glasses,  (20— y)  Na20  • 

•  •  XAI2O3  •  (80— x)Si02  ,  on  replace¬ 

ment  of  Si02  by  AiPj;  A)  An^  '  lO’,  B) 

X  (molar  <^0  AiPs);  1)  y  =  0.2,  2)  y  =  4 
3)  y  =  8,  4)  y=  12. 


Fig.  8.  Variations  of  molecular  re¬ 
fraction  with  chemical  composition 
of  the  second  series  of  glasses, (32— 
y)  Na20  •  yB203  •  XAI2O3  •  (68— x) 

Si02  ,  on  replacement  of  Si02  by 
AI2O3:  A)  MR,  B)  X  (molar  % 

AI2O3);  1)  y=  0.2)  y=  4,  3)  y  = 

=  8,  4)  y  =  12,  5)  y  =  16,  6)  y  = 

20,  7)  y  =  24,  8)  y  =  28. 

SUMMARY 

1.  The  aluminoborate  anomaly  of  the  optical 

properties  of  sodium  alumlnoborosilicate  glasses  was 
studied,  and  the  variations  of  refractive  index,  mean 
dispersion,  density,  and  molecular  refraction  at  dif¬ 
ferent  ratios  and  silica  contents  were  determined. 

BPs 

2.  The  appearance  of  maxima  and  minima  on  the 
curves  for  the  properties  (n^  and  d)  and  changes  of 
sign  of  Anj)  and  Ad  from  plus  to  minus  and  back  to 
plus  are  attributed  to  changes  in  the  coordination  num¬ 
bers  of  B^  and  Al^  ions;  the  Influence  of  silica  is 

also  emphasized. 

3.  Variations  of  molecular  refraction  conform 
satisfactorily  to  the  additivity  rule. 
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A  STUDY  OF  THE  OPTICAL  PROPERTIES  OF  POTASSIUM  ALUMINO- 
BOROSILICATE  GLASSES  • 

A.  A.  Appen  and  Gan*  Fu-sl  (Kan  Fu-sl) 


Peculiarities  in  the  variations  of  optical  properties  and  density  of  sodium  alumlnoboroslllcate  glasses 
were  described  in  our  first  communication  [1].  Potassium  alumlnoboroslllcate  glasses  were  studied  in  the  pres¬ 
ent  Investigation.  These  experiments  were  carried  out  In  order  to  determine  the  influence  of  the  nature  of 
alkali  elements  on  the  manifestation  of  the  alumlnoborate  anomaly  of  glass  properties. 

In  contrast  to  soda  glasses,  potash  glasses  have  high  viscosity  In  the  melted  state,  and  It  is  therefore  dif¬ 
ficult  to  obtain  homogeneous  samples,  especially  with  high  alumina  contents.  The  density  of  some  of  the 
glasses  was  determined  by  the  pycnometric  method,  and  the  refractive  Index  by  the  Immersion  method. 

There  are  as  yet  no  systematic  data  In  the  literature  on  the  optical  properties  of  potassium  aluminosilicate, 
borosillcate,  and  alumlnoboroslllcate  glasses. 

Two  series  of  glasses  were  studied,  corresponding  to  the  same  molecular  composition  as  the  sodium  glasses. 

I.  16  K2O  •  yB203  •  xAl203‘  (84— X— y)SI02,  where  x  =  0,  4,  8,  12;  y  =  0,  4,  8,  12,  16,  20,  24,  32. 

II.  (32-  y)  K2O  •  yB203  ’  XAI2O3  (68  -x)S102,  where  x  =  0,  4,  8;  y=0,  4,  8,  12,  16,  24.  28. 

The  results  are  expressed  In  terms  of  relative  changes  In  the  properties.  Ad  and  An^,  In  the  diagrams, 
while  values  of  nj^  and  d  for  the  original  glasses  are  given  in  Table  1. 


TABLE  1 

Refractive  Indices  and  Densities  of  the  Original  Glasses 


Series  I 

Series  II 

glass  composition 

d 

glass  composition 

rij, 

d 

16  K2O  .  84  SiOo 

1.4fl0 

2.358 

32  K2O  •  68  SiOz 

1.507 

2.46 

tOKaO-  4  IIoOt  80  SiOa 

1.4980 

2.403 

28  K2O  .  4  BaOn  •  68  SiO, 

1.5076 

2.468 

IBKaO-  SllaOTTBSiOa 

1 .3065 

2.445 

24K2O.  SBaOa-eSSiO, 

1.5097 

2.459 

16  KgO  .  12  lUOv  72Si02 

1.5125 

2.473 

IBKaO-  I6B2O,  •  68  SiO, 

1.51.53 

2.477 

16  K2O  •  16  HoOt  •  68SiOo 

1.5153 

2.477 

8  K2O  •  24  BaOi  •  68  SiO, 

1.481 

2.217 

16  KoO  •  20  1;.,Ot  •  64  SiO., 

1.5154 

2.463 

4  K2O  .  28  BaO,  •  68  SiO, 

1.465 

2.121 

16  KoO  .  24  IIoOt  •  60SiOo 

1.5140 

2.444 

32  BaOa  •  68Si02 

1.456 

2.12 

16  K2O  •  32  llaOT  •  52Si02 

1 .5086 

2.387 

The  general  picture  of  variations  of  the  optical  properties  of  potash  glasses  Is  very  similar  to  that  of  the 
soda  glasses. 


•Communication  II  in  the  scries  on  the  aluminoborate  anomaly  of  properties  of  silicate  glasses. 
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TABLE  2 


A  / 


Fig.  1.  Variations  of  refractlve-lndex  difference  with 
chemical  composition  of  the  first  series  of  glasses, 
IBKjO  *  yB203  •  XAI2O3  •  (84-“x~y)  SiOj,  on  re¬ 
placement  of  SIO2  by  B2O3;  A)Anp  ‘  10^,  B)  x 
(molar  %  AI2O3);  1 )  y  =  0,  2  )  y  =  4,  3)  y  =  8,  4) 
y  =  12,  5)  y  =  16,  6  )y  =  20,  7)  y  =  24. 


Positions  of  Maxima  on  Replacement  of  SIO2  by 
B2O3  in  Potash  Glasses  of  Series  I 


Glass 

characteristics 

- 1 

"d 

d 

AI2O3  content 
of  glass  (<^r) 

0 

4 

8 

0 

4 

8 

Position  of 
maximum  (% 

B2O3) 

18 

14 

12 

16 

12 

8 

The  refractive  indices,  mean  dispe  sions,  and 
densities  are  lower  in  the  potash  than  in  the  soda 
glasses,  while  molecular  refractions  are  higher. 


.  r  K,0  .  ^ 

In  the  first  series,  at  low  ratios,  the  re- 

B2O3 

fractive  index  decreases  sharply  on  replacement  of 
silica  by  alumina,  i.e. ,  the  aluminoborate  anomaly 
is  very  pronounced  (Fig.  1,  Curves  4-7).  With  In- 
Kp 


crease  oi  the 


^2^3 

fractive  index  becomes  less  and  at 


ratio  the  decrease  of  re- 
K,0 


B,0 


-=  4  a 


2'-^3 


maximum  appears  (Curve  2).  In  absence  of  B2O, 
replacement  of  Si02  by  AI2O3  produces  a  continuous 
increase  of  nj-j  as  usual  (Curve  1). 


As  silica  Is  replaced  by  boric  anhydride,  very 
distinct  maxima  appear  on  the  curves  for  refractive 
index  changes  (Fig.  2).  Introduction  of  alumina  makes 
the  maximum  diffuse,  and  its  position  Is  shifted  in  the 
direction  of  low^er  B2O3  contents. 


Density  variations  follow  roughly  the  same  course  as  the  refractive  index  variations,  but  the  positions  of 
the  maxima  on  the  curves  for  changes  of  np  and  d  do  not  coincide  (Fig.  3,  4).  The  maxima  appear  somewhat 
earlier  on  the  density  curves  (Table  2). 


It  should  be  noted  that  the  changes  of  the  properties  are  more  pronounced  in  potash  than  in  soda  glasses. 

As  silica  is  replaced  by  alumina  the  mean  dispersion  remains  almost  unchanged  at  all  ratios  (Fig.  5), 

while  the  molecular  refraction  increases  linearly  (Fig.  6).  *  ^ 


On  replacement  of  silica  by  boric  anhydride  the  mean  dispersion  decreases  a  little,  while  molecular  re¬ 
fraction  is  almost  unchanged  at  first  and  then  increases. 


In  the  second  series  of  potash  glasses;  replacement  of  silica  by  alumina  produces  the  same  complex  effects 

K»0 

as  those  observed  in  the  corresponding  soda  glasses.  At  very  high  — ratios  or  in  absence  of  BP3,np,  increases 
K,0 

(Fig,  7,  Curve  1).  At  — ^  ratios  approximately  between  6  and  l/3,np,  decreases  (Curves  3,  4).  At  lower 

DoOo  ^ 


KgO 

B2O3 


ratios, the  refractive  index  increases  again  (Curve  5).  The  density  variations  follow  the  same  course,  while 


the  mean  dispersion  remains  constant  and  molecular  dispersion  increases  linearly 
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on  replacement  of  Si02  by  B2O3:  A)An£)'  10®,  (84-'X— ylSiOj,  on  replacement  of  SiOj,  on  replacement  of  Si02  by  B^Oj  : A )Ad ' 

B)  y  (molar  % B2OS);  1)  x  =  0,  2)  x  =  4,  3)  x  =  8.  Si02  by  AI2O3  :  A)  Ad  ’  10®.  B)  x  10®,  B)y  4nolar% B2O3);  l)x  =  0,  2)  x=4,3)x  = 

(molar  %  Al203)il)y  =  0,  2)  y  =  4,  3) 


A 


6 


A 


-■ 

— "  •  ■ 
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^  — 

_ Q _ 

- 

_ 1 _ 1 _ 
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w 

Fig.  5.  Variations  of  mean  dispersion  with  chem¬ 
ical  composition  of  the  first  series  of  glasses, 

16  K2O  •  yB203*  xAl203*  (84— X  — y)  Si02,  on  re¬ 
placement  of  Si02  by  AI2O3;  A)  (Op— n^  •  10^), 
B)  X  (molar  <yoAl203);  l)y=8.  2)  y  =  16.  3) 
y  =  24,  4)  y  =  32. 
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Fig.  7.  Variations  of  refractive-index  dif¬ 
ference  with  chemical  composition  of  the 
second  series  of  glasses,  (32— y)  •  K2O  • 

•  yB203  •  XAI2O3  •  (68— x)  Si02  on  replace¬ 
ment  of  Si02  by  AI2O3;  A)  ahq  •  10®,  B) 

X  (molar  <^0  AI2O3);  1)  y  =  0,  2)  y  =  4,  3) 
y  =  16,  4)  y  =  24,  5)  y  =  28. 


Fig.  6.  Variations  of  molecular  re  - 
fraction  with  chemical  composition 
of  the  first  series  of  glasses,  16  K2O  • 
•  yBr^s  ■  XAI2O3  •  (84“X“y)*  Si02, 
on  replacement  of  Si02  by  AI2O3  ; 

A)  MR.  B)x(molar  %  AI2O3):  1) 
y  =  8.  2)  y  =  12.  3)  y  =  16.  4)  y  = 
=20.  5)  y  =  24.  6)  y  =  32. 


The  reason  for  the  resemblance  between  the  prop¬ 
erties  of  potash  and  soda  glasses  is  that  the  difference 
between  the  strengths  of  Na— O  and  K— O  bonds  Is  not 
large  [2].  The  potassium  ion  gives  up  oxygen  more 
easily,  and  therefore  the  maxima  are  more  distinct  and 
earlier  on  the  curves  for  variations  of  np,  and  d  of 
potash  glasses  The  causes  of  the  aluminoborate  anomaly 
were  discussed  in  the  first  communication. 

SUMMARY 

The  aluminoborate  anomaly  of  properties  of  potash 
silicate  glasses  was  studied  and  it  was  found  that  the 
variations  of  the  optical  properties  and  density  of  potash 
and  soda  glasses  on  replacement  of  silica  by  alumina  and 
boric  anhydride  conform  to  similar  laws. 
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EFFECT  OF  COMMON  SALT  ON  THE  SOLUBILITY  OF  SODIUM  ANTIMONATE, 
STANNATE,  AND  ARSENATE  IN  AQUEOUS  CAUSTIC  SODA  SOLUTION 

G.  G.  Urazov,  B.  M.  Lipshits,  and  V.  S.Lovchikov 


The  use  of  a  melted  mixture  of  caustic  soda,  common  salt,  and  potassium  nitrate  for  removal  of  arsenic, 
tin,  and  antimony  from  lead  has  led  to  Improved  results  In  lead  refining  and  has  made  it  possible  to  extract  the 
impurities  In  the  form  of  useful  products. 

A  study  of  the  oxidation  of  arsenic,  tin,  and  antimony  has  shown  that  common  salt  does  not  take  part  in 
the  reactions,  lowers  the  chemical  activity  of  the  alkaline  melts,  and  increases  the  oxidation  time  of  the  im¬ 
purities.  Therefore  the  use  of  common  salt  in  alkaline  refining  of  lead  Is  undesirable  from  the  pyrometallurglcal 
standpoint.  For  a  full  evaluation  of  the  role  of  common  salt  in  this  refining  process  it  was  necessary  to  study  the 
Influence  of  this  salt  on  hydrometallurgical  processing  of  the  melts.  We  therefore  studied  the  solubilities  of 
sodium  arsenate,  stannate,  and  antimonate  in  aqueous  caustic  soda  solutions  containing  sodium  chloride. 

Technical  caustic  soda  containing  up  to  6%  Na2C03  is  used  in  lead  refining.  During  hydrometallurgical 
treatment  of  the  melts  the  carbonate  is  dissolved,  and  its  concentration  in  solution  increases  somewhat  as  the 
result  of  carbonation  of  the  caustic  soda.  Therefore  in  the  course  of  these  investigations  we  also  studied  the 
influence  of  sodium  carbonate  on  the  solubilities  of  the  above-named  salts. 

EXPERIMENTAL 

The  materials  used  in  the  Investigations  were  caustic  soda  free  from  sodium  carbonate,  sodium  chloride  of 
chemically  pure  grade,  and  sodium  antimonate  arsenate,  and  stannate  which  we  prepared. 

The  salt  solubilities  were  studied  in  glass  vessels  immersed  in  a  thermostat  with  a  toluene  thermoregulator 
by  means  of  which  the  water  temperature  in  the  apparatus  could  be  regulated  to  within  ±  0.  T.  Alkali  solution 
and  the  salts  were  put  in  the  vessels,  and  the  liquids  were  stirred  at  strictly  constant  temperature  until  analytical 
data  for  consecutive  samples  coincided,  which  showed  that  equilibrium  had  been  reached.  The  side  tube  of  the 
apparatus  was  firmly  corked  during  the  experiments. 

Data  on  the  influence  of  common  salt  and  sodium  carbonate  on  the  solubility  of  sodium  antimonate  In 
water  and  in  aqueous  alkali  are  presented  in  Table  1. 

The  solubility  of  sodium  antimonate  in  water  is  0.10%  at  25",  and  0.58%  at  7?.  Common  salt  lowers  the 
solubility  of  sodium  antimonate  in  water.  In  the  simultaneous  presence  of  caustic  soda  and  common  salt  in 
solution,  the  main  salting-out  effect  is  exerted  by  caustic  soda.  Since  the  liquors  in  hydrometallurgical  treat¬ 
ment  of  the  alkaline  melts  contain  caistlc  soda,  the  common  salt  present  in  them  cannot  have  a  significant  in¬ 
fluence  on  the  solubility  of  sodium  antimonate. 

The  presence  of  sodium  carbonate  in  solution  lowers  the  solubility  of  sodium  antimonate  both  at  25*  and  at 
75*.  In  solutions  containing  350  g  NaOH  per  liter  .sodium  carbonate  has  no  practical  effect  on  the  solubility  of 
sodium  antimonate.  The  effects  of  common  salt  and  sodium  carbonate  on  the  solubility  of  sodium  stannate  in 
aqueous  alkaline  solutions  are  given  in  Table  2. 

At  25*  the  solubility  of  sodium  stannate  in  water  Is  27.7*%  Increase  of  temperature  by  50*  lowers  its  solubili¬ 
ty  down  to  21.78*.  Common  salt  lowers  the  solubility  of  sodium  stannate  in  water.  In  solutions  containing  350  g 
NaOH  per  liter  .common  salt  has  almost  no  effect  on  the  solubility  of  this  salt.  The  effects  of  sodium  carbonate  are 
similar. 
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TABLE  1 

TABLE  2 

Solubility  of  Sodium  Antimonate  in  Water 
and  in  Aqueous  Solutions  of  Caustic  Soda, 
Common  Salt,  and  Sodium  Carbonate 

Solubility  of  Sodium  Stannate  in  Water  and  in 

Aqueous  Solutions  of  Caustic  Soda,  Common 

Salt,  and  Sodium  Carbonate 

Variations  of  the  solubility  of  sodium  arsenate 
with  the  concentratiohs  of  caustic  soda  and  common 
salt  in  solution  are  detailed  in  Table  3.* 

Common  salt  lowers  the  solubility  of  sodium 
arsenate  in  water.  In  simultaneous  presence  of 
NaOH  and  NaCl  in  solution  caustic  soda  has  tlie 
main  salting -out  effect  on  sodium  arsenate. 

Temperature  has  a  significant  effect  on  the 
solubility  of  sodium  arsenate;  in  observations  of 
saturated  solutions  it  was  found  thation  cooling, 
sodium  arsenate  is  not  deposited  but  forms  a  crystal  - 
line  structure,  and  the  solution  completely  loses  its 
fluidity. 

SUMMARY 

1.  In  aqueous  caustic  soda  solutions,  common 
salt  has  almost  no  effect  on  the  solubilities  of 
sodium  antimonate,  stannate,  and  arsenate  There¬ 
fore  its  presence  is  not  necessary  in  solution  in  the  conversion  of  melts  formed  in  the  alkali  refining  of  lead  for 
removal  of  arsenic,  tin,  and  antimony. 

2.  Sodium  carbonate  has  almost  no  effect  on  the  solubilities  of  sodium  antimonate  and  stannate  in  con¬ 
centrated  aqueous  alkaline  solutions.  . 

•V,  I.  Milent'eva  took  part  in  these  experiments. 


TABLE  3 


Solubility  of  Sodium  Arsenate  in  Water  and  in 
Aqueous  Solution  of  Caustic  Soda  and  Common  Salt 


Tern- 

Contents  in  solution  (wt.%) 

perature 

(”C) 

Naon 

NaCI 

NajAsO, 

including 

As 

0 

0 

13.80 

5.50 

0 

8.10 

4.88 

1.70 

Vf, 

().10 

8.00 

1.70 

0.01 

i2.47 

8.(H) 

0.94 

0.34 

14,()0 

8.04 

0.78 

0.28 

( 

5.90 

0 

24.95 

8.99 

5.()1 

1.77 

24.54 

8.85 

• 

5.S1 

3.77 

24.10 

8.08 

1 

5.90 

5.83 

23.52 

8.48 
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INVESTIGATION  OF  THE  CONVERSION  OF  CARBON  MONOXIDE  BY  STEAM 
UNDER  PRESSURE 

V.  I.  Atroshchenko  and  B.  Bibr 
The  V.  I.  Lenin  Polytechnic  Institute,  Khar’kov 


The  production  of  hydrogen  by  conversion  of  carbon  monoxide  by  steam  is  of  great  theoretical  and  prac¬ 
tical  importance: 

*  CO  +  HaO  ^  Ha  +  COa,  =  -9838  cal  ( 1) 

The  significance  of  this  reaction  Is  Increasing  because  of  the  utilization  of  spent  natural  gas  as  a  source  of 
hydrogen. 

It  Is  known  that  If  the  conversion  process  is  effected  under  pressure.the  cost  of  hydrogen  is  reduced  and  the 
output  of  the  equipment  Is  raised.  Moreover,  in  this  conversion  method  it  Is  possible  to  use  the  pressure  of  the 
natural  gas  itself,  and  costs  are  lowered  still  further  in  consequence. 

Despite  the  importance  of  the  use  of  pressure  In  conversion  of  carbon  monoxide,  the  literature  does  not 
contain  any  data  on  the  kinetics  of  this  process. 

Kul’kova  and  Temkin  [1],  who  studied  the  conversion  of  CO  under  atmospheric  pressure,  proposed  the 
following  equation  to  represent  the  kinetics  of  the  process: 


CO 

rfx 


*iPco 


(2) 


Replacing  In  this  equation  the  final  partial  pressures  by  the  initial  partial  pressures,  and  introducing  the 


excess  coefficients  £,_s^,  v,  and  the  degree  of  conversion  a,  equal  to  we  have, 

Pco 

Pco  —  Pco  “  “Pco  j  Pco,=  Pco,+  “Pco'»  Ph,o=  Ph,o  ““®Pco'*  Pii,=  Pti,  +  “Pco’ 


Pco 


Ph,0  j,  ^  Pco, 
Pco 


Pco 


da 

rfx 


1 = « - ,)  -*,(.+,)  (i±iy-' 

X  \u  +  «/  \S  —  «/ 


(3) 


It  follows  from  Equation  (3)  that  variations  of  the  total  pressure  P  do  not  affect  the  reaction  rate 

The  same  conclusion  follows  from  the  kinetic  equation  proposed  by  Kirillov  [2]  for  the  conversion  rate  of 
CO  under  normal  pressure: 
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However,  It  Is  known  from  literature  data  [3,4]  and  from  plant  practice  that  the  Influence  of  pressure  Is 
more  complex,  and  Equations  (2)  and  (4)  are  not  applicable  to  the  process  under  pressure. 

The  literature  contains  a  number  of  papers  [3-5]  the  authors  of  which  studied  the  activity  of  catalysts  for 
conversion  of  CO  under  pressure,  but  no  general  relationships  were  derived. 

We  have  attempted  to  study  the  kinetics  of  conversion  of  carbon  monoxide  by  steam  under  increased 
pressure. 

RESULTS  OF  INVESTIGATIONS 

The  raw  material  for  the  conversion  studies  was  industrial  water  gas  containing  30-36^00,  50-36%  Hj, 
4-10%  Nj  +  CH4,  5-8%C02,  traces  of  oxygen,  and  about  3  g  of  sulfur  compounds  per  cubic  meter. 

The  crude  gas  was  purified  by  means  of  caustic  soda  and  alkaline  pyrogallol  solutions  in  a  special  unit, 
and  passed  through  a  furnace  containing  heated  copper  turnings  at  500*.  It  was  then  passed  through  absorbers 
containing  KMn04  and  NaOH  solutions  and  dried  over  solid  caustic  soda  in  a  tower.  The  last  traces  of  impurities 
were  removed  in  filters  containing  active  carbon. 

The  compressed  gas  passed  through  a  regulating  valve  of  the  GIAP  (State  Institute  of  the  Nitrogen  Industry) 
type  (Fig.  1)  into  a  large  buffer  vessel  and  filters  containing  active  carbon  and  caustic  potash.  The  filters  were 
connected  to  the  line  of  a  GIAP  regulator,  operating  on  the  principle  of  a  mercury  manometer,  which  closes  the 
contacts  of  the  regulating  valve  coil.  This  maintained  the  pressure  in  the  unit  constant  to  within  a  few  centi¬ 
meters  of  mercury.  The  dry  gas,  freed  from  oil  and  Iron  carbonyl,  was  passed  Into  a  saturator  about  30  liters  In 
capacity,  filled  with  distilled  water  and  heated  2-;7  higher  than  the  temperature  required  for  saturation  with 
water  vapor.  The  heating  was  regulated  automatically.  The  gas  entering  the  saturator  was  in  the  form  of  fine 
bubbles  which  actively  agitated  the  water.  The  saturated  gas  with  a  small  excess  of  water  vapor  passed  through 
'a  coil  saturator -condenser  with  a  tube  length  of  about  3  meters.  Excess  water  vapor  was  condensed  in  this  coil, 
the  temperature  of  which  was  accurately  maintained  by  means  of  an  ultra  thermostat.  The  vapor— gas  mixture 
passed  through  a  heating  tube  Into  the  contact  column  lined  with  a  porcelain  tube,  containing  25  ml  of  cata¬ 
lyst  in  the  form  of  3x  3  mm  cylinders.  The  catalyst  temperature  was  kept  constant  to  within  ±  ST.  The  con¬ 
verted  gas  was  cooled  in  a  condenser,  the  excess  condensed  water  was  separated  off  in  a  separator,  and  the  gas, 
after  reduction  to  atmospheric  pressure,  passed  through  a  flow  meter  and  was  analyzed.  All  the  parts  of  the 
apparatus  In  contact  with  hot  gas  were  made  from  stainless  steel. 

The  catalyst  column  contained  Industrial  high-temperature  catalyst  consisting  of  30%  Fe203 , 2. 5%Crj03, 
61%MgO,  1%K20  and  1.5%Al203,  bulk  density  1.26  g/ml,  free  volume  42%. 

The  steam— gas  ratio  was  checked  by  measurements  of  the  water  collected  In  the  separator. 

The  compositions  of  the  crude,  purified,  and  converted  gas  were  determined  by  means  of  the  VTI  gas 
analysis  apparatus.  The  degree  of  conversion  of  carbon  monoxide  was  found  from  the  amounts  of  carbon 
monoxide  present  before  and  after  conversion. 

Data  on  variations  of  the  degree  of  conversion  with  time  are  presented  in  Table  1.  The  equilibrium 
degree  of  conversion  (Table  1)  was  calculated  on  the  assumption  of  ideal  behavior  of  the  components,  which  is 
quite  permissible  In  practical  calculations  in  the  pressure  range  studied  [1,5] 

For  comparison  of  our  data  with  literature  data  [3,4]  we  used  the  method  of  Atwood  et  al.  [3],  who  com- 

pared  the  activity  of  catalysts  by  means  of  the  ratio  —  ,  calculated  from  the  equation 

*^e,  1 

/c.=  V(/f  +  l)log_i_  ,  ^  (6) 
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where  Is  the  rate  constant;  V  Is  the  volumetric  velocity  of  the  dry  gas  at  60*  F  and  P  =  1  atmos;  R  is  the 
vapor— gas  ratio;  CO^  is  the  ratio  of  converted  carbon  monoxide  to  the  fraction  capable  of  reacting  at  equilib¬ 
rium 

(X)<  =-^;  V(/{-i-l)  =  . 

Results  calculated  for  700*  K  are  given  in  Table  2  and  Fig.  2.  Our  results  conform  to  the  same  general 
relationship  as  was  found  by  the  above-named  authors  [3],  although  they  used  a  low -temperature  catalyst. 

However,  it  is  clear  that  Equation  (6)  can  be  used  only  for  comparing  different  catalysts,  and  it  does  not 
represent  the  kinetics  of  the  process. 


Fig.  1.  Diagram  of  unit  for  CO  conversion:  1)  cylinders  with  pure  gas, 

2)  distributor  tube,  3)  regulating  valve,  4)  intermediate  vessel,  5) 
filters,  6)  pressure  regulator,  7)  flow  meter,  8)  gas  preheater,  9) 
saturator,  10)  coil  condenser,  11)  superheater,  12)  converter,  13) 
condenser,  14)  separator,  15)  flow  meter,  16)  thermostat,  17)  cylinder 
with  distilled  water,  18)  nitrogen  cylinder,  19)  throttle  valve,  CT) 
contact  thermometer,  T)  thermometer,  TC)  thermocouple. 

For  determination  of  the  reaction-rate  constant  we  used  the  equation  derived  earlier  [6]  for  the  rate  of 
conversion  of  carbon  monoxide  by  steam: 


dx 


Pco  ~  Pco 


(7) 


VpIo  r » 


'^s 


In 


(V.S  —  or  -j-  ^  —  ‘ 


(v^s  —  (J  —  Vs  —  a')  (Vs  -  |-  Vs  —  a') 


—  2  (Vs  —  Vs  —  a) 


(8) 


where  kj  is  the  rate  constant  (second"^);  r  is  the  contact  time  (seconds),  equal  to 


M  •  3600  •  P  •  273 
T  •  V  •  (R  +  1) 


is 


the  free  volume  of  the  catalyst;  P  is  the  total  pressure  (abs.  atmos);  T  is  the  absolute  temperature  (*K); 

Pji’.are  the  partial  pressures  of  the  components  at  t  (atmos);  p  i  are  the  initial  partial  pressures  of  the  components 
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TABLE  1  (Cont’d) 


o 

3 

JS 

Steam  — 

gas  mixture 

g 

tant 

Cu  n) 

DO 

.Q  2 

t/i 

o 

3  o 

^’co 

^N,+CU, 

4) 

3  C. 

^  Si 

4> 

> 

B 

0) 

4)  ^ 

a> 

0*0  « 
wo  O 

o  ^ 

U  »- 

O 

u  a 

( 

0.493 

0.912 

4.67 

6 

.1.408 

0.461 

0.773 

0.127 

4.639 

0.9199 

0.294 

0.892 

5.36 

\ 

0.149 

0.765 

5.98 

11 

1.868 

1.266 

2.170 

0.4(M) 

7.164 

0.8661  j 

0.7.31 

0..354 

0.841 

0.812 

5.45 

.5.61 

820 

f 

0.447 

0.893 

4.48 

11 

3.799 

0.743 

1.332 

0.217 

8.708 

0.9.327 

0.269 

0.875 

6.39 

1 

0.202 

0.745 

4.55 

( 

1.454 

0.862 

4.96 

21 

1.930 

2.364 

3.871 

0.932 

13.8.33 

0.8740 

0.998 

0.850 

6.03 

.  1 

0.73,5 

0.840 

7.24 

700 

1 

1.688 

0.134 

0.224 

0.014 

0.628 

0.9288  j 

0.549 

0.274 

0.809 

0.658 

1.48 

1.58 

Ph. 

at  r  =  0  (atmos  );  is  the  equilibrium  partial  pressure  of  carbon  monoxide;  u  -  v-* 

0  '  ®  '  Pro 

P''  _  n  n  n  * 

CO  -Pco 


HjO 

P®co 


-~r- 

Pco 


PcO“  Pco 

is  the  degree  of  conversion;  «'  = - * -  is  the  equilibrium  degree  of  conversion. 

Pco 


The  rate  constants  calculated  from  Equation  (8)  are  given  in  Table  1,  As  the  values  are  satisfactorily 
constant,  it  follows  that  Equation  (7)  satisfactorily  describes  the  conversion  of  carbon  monoxide  by  steam  at 
increased  pressures. 

Analysis  of  Equation  (7)  makes  it  possible  to  determine  the  effect  of  pressure  on  the  reaction  rate. 

By  means  of  transformations  leading  to  calculation  of  the  rate  constant,  Equation  (7)  can  be  put  Into  the 

form 


da 


■^7  =  ^1  (*'  —  (s  —  (»  \-  ’) 


(9) 


r-  1  I  ,  0  °Jo  CO  ,  .  .  ,  0  ‘^(CO  P 

For  the  process  under  normal  pressure  p(-Q  =  — - — - ,  and  at  higher  pressures  pco  = - 


100(R+  D’ 

where  ‘^CO  is  the  amount  of  carbon  monoxide  In  the  dry  converted  gas. 
It  follows  that 


100(R+  1)’ 


da  r  «/o  CO  •  P  l-o-s  „ ,  , 

’  =  ^  10^(7^+ D'J  ■’ 


(10) 


1 

w=--w^-^ 


(11) 


where  Wg  is  the  reaction  rate  at  P  =  1  atmos,  and  w  is  the  reaction  rate  at  a  higher  pressure  P  (in  atmos). 

It  follows  from  Equation  (11)  that  the  reaction  rate  Is  inversely  proportional  to  the  square  root  of  the 
pressure. 
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TABLE  2 


Tern- 

Pressure 

Steam -gas  mixture 

Steam- 

pera- 
ture  T 
CK) 

P  (at¬ 
mos) 

Pco 

„0 

Pn,+CH, 

„0 

Ph,0 

gas  ratio 
R 

V  (H+  1) 

co< 

p 

*«, /> 
^e,  1 

1 

0.134 

0.224 

0.014 

0.628 

1.688  j 

1145 

2280 

0.871 

0.708 

j  1110 

1.00 

6 

0.676 

1.136 

0.1S6 

4.002 

1.974  { 

4450 

8820 

0.715 

0.441 

j2330 

2.09 

700  , 

11 

1.295 

2.122 

0.451 

7.132 

1.844  j 

8600 

12130 

0.516 

0.391 

|2660 

2.39 

( 

8670 

0.624 

1 

21 

2.422 

3.783 

1.086 

13.709 

1.880  1 

12050 

0.444 

}3570 

3.21 

\ 

16460 

0.323 

1 

A 


with  pressure:  A)  values  of 
k 

e,  p 

- - ,  B)  pressure  (atmos). 

^e,  1 


Pig.  3.  Effect  of  pressure  on  catalyst 
productivity  at  various  degrees  of  con¬ 
version:  A)  productivity  Z,  B)  pressure 
(atmos);  1)  a  =0.95,  2)  a  =  0  80, 

3)  a=  0.60,  4)  a=  0.4. 


The  productivity  of  the  catalyst,  expressed  as  the  product  of  the  space  velocity  of  the  steam— gas  mixture, 
the  fraction  of  carbon  monoxide  in  the  mixture,  and  the  degree  of  conversion,  is 


o/oCO 


m(R  +  i) 


(12) 


Putting  Vcm  = 


273  (I  •  3600  •  P 
T  •  T 


we  have 


273  .  li  .  3600  •  P 

X 


X- 


o/„CO 


100(ii-f  1) 


(13) 


Equating  values  of  t  from  Equations  (13)  and  (8),  we  have 
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273  .  {1  .  3lKX)  .  P  .  .  a 


X 


u  a'  {y/s  —  a  -j-  Vs  —  o')  (Vs  —  Vs  —  o') 


In 


Vs  —  o'  (Vs  —  o  —  Vs  —  o')  (Vs  -|-  Vs  —  o') 


■  2  (Vs  —  Vs  —  o) 


(1  -|-«)100 


(14) 


Under  constant  conditions  (equal  gas  composition,  steam— gas  ratio,  reaction  temperature,  and  degree  of 
conversion)  all  the  terms  except  the  pressure  are  constant,  and  Equation  (14)  becomes 

Z  =  Zo  VP. 

When  P  =  1  atmos,  Z  =  Zj,  where  Zj  is  the  productivity  at  atmospheric  pressure.  It  follows  that  the 
productivity  per  unit  of  catalyst  Is  directly  proportional  to  the  square  root  of  the  total  pressure. 

This  relationship  is  shown  graphically  in  Fig.  3,  from  which  it  follows  that  the  productivity  is  Increased 
sharply  If  the  pressure  is  raised  to  5-10  atmos.  At  higher  pressures, the  productivity  rises  almost  uniformly.  It 
may  be  concluded  on  technical  and  economic  grounds  [5]  that  increase  of  pressure  above  30  atmos  is  of  little 
advantage. 

It  follows  from  Table  2  that  the  effects  of  pressure  are  the  same  with  high -temperature  and  low -temperature 
catalysts. 


SUMMARY 

The  conversion  of  carbon  monoxide  by  steam  was  studied  with  the  use  of  water  gas  and  an  industrial 
catalyst  at  elevated  pressures  (5,  10,  and  20  atmos),  and  it  was  found  that  the  rate  of  conversion  of  carbon 
monoxide  Is  satisfactorily  represented  by  the  equation 

^Pco  _ •  ^co  “  Pro  , - 

dx  ~  ^  VP„.o  * 

The  experimental  results  are  in  agreement  with  available  literature  data  on  the  activity  of  other  catalysts. 
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EFFECT  OF  THE  HEIGHT  OF  THE  FOAM  LAYER  ON  A  SIEVE  PLATE  ON 


ABSORPTION  OF  CARBON  DIOXIDE  BY  ALKALI  SOLUTION 

M.  E.  Pozin,  B.  A.  Kopylev,  and  E.  Ya.  Tarat 
The  Lensovlet  Technological  Institute,  Leningrad 


The  hydrodynamic  conditions  in  a  gas— liquid  system  on  a  sieve  piate  (grid)  of  an  absorber  are  determined 
by  the  linear  velocities  of  the  gas  and  iiquid,  the  amount  of  liquid  on  the  plate,  the  grid  design  (hole  diameter, 
open  section,  etc.),  and  the  physical  properties  of  the  components  of  the  system.  The  hydrodynamic  conditions, 
in  turn,  determine  the  turbulence  of  the  streams  and  consequently  the  rates  of  heat  and  mass  transfer. 

In  this  paper  we  consider  the  hydrodynamic  regime  under  which  the  layer  of  liquid  on  the  plate  is  com¬ 
pletely  converted  to  foam  when  the  gas  passes  through  it  (the  foam  regime). 

It  is  generally  considered  [1]  that  the  foam  height  H  and  the  hydraulic  resistance  aP  of  the  foam  layer 
on  the  grid  characterize  the  hydrodynamic  operating  conditions. 

The  dependence  of  H  and  aP  on  a  number  of  determining  factors—  gas  velocity  w,  liquid  rate  1,  height 
of  the  overflow  weir  h^,,  density  of  the  liquid /l  •  and  viscosity  was  studied  in  earlier  investigations 
[2-5].  The  influence  of  H  on  the  rates  of  heat  transfer  and  mass  transfer  in  different  gas— liquid  systems  was 
determined  [2,6,7],  mainly  for  easily  soluble  gases.  Below  are  given  values  of  H  and  AP  when  air  containing 
different  amounts  of  CO2  is  passed  through  NaOH  solution,  and  these  values  are  correlated  with  the  rate  of 
absorption  of  CO2. 


EXPERIMENTAL  • 

Experimental  procedure.  Experiments  on  absorption  of  carbon  dioxide  by  caustic  soda  solution  under  the 
foam  regime  were  performed  in  an  apparatus  (Fig.  1)  consisting  of  a  glass  column  of  d  =  36  mm,  separated 
into  two  parts  by  a  horizontal  vinyl  resin  grid.  The  perforated  part  of  the  grid  was  equal  to  the  cross  section 
of  the  apparatus,  0.001  m*.  The  grid  had  holes  2  mm  in  diameter  with  their  centers  5  mm  apart;  this  corre¬ 
sponds  to  an  open  section  Sq  =  17  %.  The  section  above  the  grid  had  four  overflow  compartments  for  removal 
of  foam.  During  an  experiment, one  of  the  compartments  was  connected  to  a  vessel  for  foam  breaking,  while 
the  others  were  plugged  with  corks.  In  this  manner  the  height  of  the  over  low  weir  hjj  could  be  varied;  by 
such  variations,  and  by  supply  of  different  amounts  of  liquid  into  the  column  (variations  of  flow  rate  i)  it  was 
possible  to  vary  the  foam  height  H  between  100  and  400  mm  at  a  given  gas  velocity  (w)  in  the  apparatus. 
The  flow  rate  was  calculated  relative  to  the  diameter  of  the  overflow  compartment,  and  expressed  in  mVni* 

•  hour.  With  overflow  compartments  20  mm  in  diameter  a  liquid  feed  rate  Q  =  20  liters  per  hour  corresponds 
to  a  flow  rate  i  =  1  mVm  •  hour.  This  apparatus  was  coupled  with  a  laboratory  unit,  described  earlier  [8], for 
carbonation  of  soda  solutions,  additionally  fitted  with  heaters  for  the  gas  and  caustic  soda  solution.  Carbon 
dioxide  was  absorbed  in  3  N  NaOH  solution  containing  on  the  average  6%COi  (by  volume),  at  gas  and  liquid 
temperatures  of~  60*. 

The  analytical  methods  used  were  the  same  as  in  the  previous  investigation  [8]. 


•L.  Ya.  Tereshchenko  and  P.  M.  Karaseva  took  part  in  the  experimental  work. 
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Fig.  2.  Foaming  in  the  system  air— water  at  18*; 
A)  foam  height  H  (m),  B)  gas  velocity  w  In  full 
section  of  the  apparatus  (m/ second);  continuous 
lines  represent  calculated  values;  I)  experimental 
data  for  standard  model,  5/2  grid  (Sj  =  12.8%); 

II)  experimental  data  for  model  of  d  =  36  mm,  5/2 
grid  (So  =  17.  0%). 


Fig.S.Foamingin  the  system  aii— 3  N  NaOH  solution 
at  60"  with  5/2  grid:  A)  foam  height  H  (m),B)gas  ve¬ 
locity  w  In  full  section  of  the  apparatus  (m/second). 


In  measurements  of  the  foam  height  H, spray 
above  the  upper  level  of  the  gas— liquid  system  was 
not  taken  Into  account.  The  values  of  aP  were 
calculated  by  subtraction  of  the  resistance  of  the  dry 
grid  from  the  total  hydraulic  resistance  of  the  tray  In 
the  apparatus. 

In  analysis  of  the  experimental  results,  average 
values  for  several  duplicate  experiments  were  calculated. 
The  characteristics  of  CO2  absorption  —  the  absorp¬ 
tion  coefficient  K  per  1  m*  of  grid,  and  the  ef¬ 
ficiency  Tj  of  a  single  tray  —  were  calculated  from 
analytical  data  for  the  gas  phase  by  means  of  the 
formulas  given  earlier  [9].  In  calculations  of  K,  It 
was  assumed  that  the  equilibrium  CO2  pressure  over 
NaOH  solution  Is  zero. 

EXPERIMENTAL  RESULTS 

It  was  found  In  preliminary  experiments  that  the 
foaming  conditions  In  the  small  apparatus  used  are  the 
same  as  In  the  standard  model  75  cm*  In  cross  section 
(Fig. 2)  [2},And  that  variation  of  the  CO2  concentration 
in  the  gas  from  0  to  15%  has  no  influence  on  foam¬ 
ing. 

Foaming  of  NaOH  solution  was  studied  with  air 
passed  through  3  N  NaOH  solution  at  temperatures 
from  18  to  80*.  The  gas  velocity  w  was  varied  from 
0.5  to  3.5  m/ second,  and  the  height  hg  of  the  original 
liquid  layer  from  20  to  100  mm. 

Foaming  In  NaOH  solution.  It  follows  from 
Fig.  3  that  variations  of  foam  height  H  with  w  at  dif¬ 
ferent  values  of  hg  are  represented  by  a  group  of 
straight  lines  corresponding  to  the  equation 

//  =  0.25u;(Ao-h0.1)4-2/jo. 

It  may  be  noted  that  the  applicability  ranges 
of  Equation  (1)  were  fairly  wide,  namely;  for  w  be¬ 
tween  0.5  and  3  5  m/ second,  and  for  hg  between 
0.02  and  0  1m.  H  increases  slightly  with  increase 
of  temperature  (Fig.  4). 

It  follows  from  Fig.  5  that  at  constant  gas 
velocity  the  hydraulic  resistance  of  the  foam  layer 
Is  proportional  to  Its  height,  which  varies  with  hg. 

The  straight  lines  In  Fig.  5  are  parallel.  The  higher 
the  gas  velocity  in  the  apparatus,  the  less  is  the  density 
and  hydraulic  resistance  of  the  foam,  because  at  a 
higher  gas  velocity  a  foam  layer  of  given  height  Is 
formed  from  a  smaller  amount  of  liquid  (at  smaller 
hg)  than  at  a  lower  gas  velocity.  Therefore  the  higher 
the  linear  gas  velocity,  the  lower  do  the  aP“H  curves 
lie. 
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Fig.  4.  Effect  of  temperature  on  foam  height  with 
5/2  grid,  w  =  2.0  m/second,  I  =  5  m’/ni-hour, 
hjj  =  100  mm;  A)  foam  height  H  (mm),  B)  tempera¬ 
ture  (*C):  concentration  of  NaOH  solution  (g-equlv/ 
liter >,  1)  1.0,  2)  3.0. 


The  generalized  empirical  equation  for  calcula¬ 
tion  of  aP  In  the  system  under  consideration  is  of  the 
form 

^P  =  4007/  -  20iv  +  30  (mmHjO)  (2) 

Effects  of  foam  height  on  the  absorption  coef- 
flclent  and  tray  efficiency.  It  is  known  [1,2]  that  the 
height  H  of  the  foam  layer  on  the  grid  is  one  of  the 
basic  characteristics  of  the  foam  regime  determining 
the  coefficient  of  absorption  and  the  extent  of  the  ab¬ 
sorption  process,  I.e  ,  tray  efficiency. 


A  r 


Fig.  5,  Variation  of  the  hydraulic  resistance  of  foam  with  foam  height  at  60*, 
5/2grid,  3  N  NaOH  solution:  A)  foam  resistance  AP  (mm  H2O),  B)  foam 
height  H  (m>,  gas  velocity  w  In  apparatus  (In  m/ second):  1)  0.5,  2)  1.0,  3) 
2.0,  4)  3.0. 


2 

Fig.  6  represents  variations  of  the  absorption  coefficient  K  per  1  m  of  grid  (tray)  area  with  H  at  dif¬ 
ferent  values  of  w.  Variations  of  H  at  constant  w  were  effected  by  variations  of  the  weir  height  and  the  amount 
of  liquid  fed  Into  the  apparatus.  It  is  clear  from  Fig.  6  that  the  coefficient  of  absorption  of  COj  by  NaOH  solu¬ 
tion  at  a  given  gas  velocity  is  proportional  to  the  foam  height  in  the  range  of  foam  heights  studied  The  equa¬ 
tion  for  calculation  of  K  In  terms  of  H  and  w  is  of  the  form: 

K  =  200u;  (77  -f  2)  -t-  240077.  (3) 

Some  indication  of  the  turbulence  of  the  foam  layer  may  be  given  by  its  hydraulic  resistance  AP.  This 
value  in  its  turn,  may  serve  as  a  tentative  criterion  of  the  rate  of  operation  of  the  equipment. 

In  Fig.  7,K  is  plotted  against  aP  (at  different  heights  of  the  foam  layer  on  the  grid).  The  relationship  is 
represented  by  straight  lines  for  different  values  of  w,  such  that 


K  =  6.75AP  4  580u;  —  260. 


(4) 


This  shows  that  the  absorption  rate  (analogously  to  the  rate  of  heat  transfer)  in  the  foam  apparatus  is  proportion¬ 
al  to  the  energy  expended  in  foaming  of  the  system. 

To  derive  an  equation  for  the  efficiency  of  absorption  of  the  CO2  by  alkali  solution  as  a  function  of  the 
foam  height,  we  use  the  expression  [9] 


2K 

2v-\-  K  • 

where  v  Is  the  flow  rate  of  an  inert  (unabsorbed)  gas  (in  m/hour). 


(5) 
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Fig,  6.  Effect  of  foam  height  on  the  coefficient  of  absorption  of  carbon  dioxide  at 
60*.  5/2  grid,  3  N  NaOH  solution,  In  gas:  A)  absorption  coefficient  K  (In 

kg/m*  •  hour  *  kg/m’),  B)  foam  height  H  (in  m);  gas  velocity  w  in  apparatus 
(In  m/second):  1)  0.5,  2)  1.0,  3)  2.0,  4)  3.0. 


Fig.  7.  Variation  of  the  coefficient  of  ab¬ 
sorption  of  carbon  dioxide  with  the  hydraulic 
resistance  of  the  foam  at  60* ,  3  N  NaOH 
solution,  6%C02  in  gas:  A)  absorption  coef¬ 
ficient  K  (in  kg/m*  •  hour  •  kg/m’),  B)foam 
resistance  a  P  (in  mm  H2O);  gas  velocity 
w,  In  apparatus  (In  m/ second):  1)  0.5,  2)  1.0, 
3)2.0,  4)3.0. 


For  a  gas  containing  ^<^0  CO^, 

i;  =  3(KX)u;(l  —  0.06)s?:3400u;,  (6) 


and  hence 

_ (7) 

~  6800u>  +  a:  • 

Substituting  the  value  of  K  from  Equation  (3)  into 
Equation  (7)  we  have 


\2H  -\-2) 

12/f  4- u;  (// -f  36)  • 


(8) 


Fig.  8  shows  variations  of  tj  with  H ,  calculated 
from  Equation  (8),  for  different  gas  velocities  In  the  ap¬ 
paratus.  The  experlmertal  data  (points  on  the  curves)  fit 
satisfactorily  on  the  calculated  lines. 

Equation  (3)  is  empirical  and  therefore,  like 
Equation  (8),  it  Is  applicable  only  to  conditions  ana¬ 
logous  to  those  described  above. 
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SUMMARY 

1.  The  efficiency  of  a  single  tray  of  a  foam  apparatus  in  absorption  of  carbon  dioxide  by  3  N  alkali  solu¬ 
tion  at  60*  is  in  the  range  of  0.15-0.5  for  gas  velocities  from  0.5  to  3  m/second. 

2.  The  coefficient  of  absorption  of  carbon  dioxide  is  between  500  and  2500,  in  accordance  with  the  gas 
velocity  and  the  amount  of  liquid  supplied  to  the  grid. 

3,  Under  the  experimental  conditions  used  (3  N  NaOH  solution,  6%  CO2  in  the  gas,  temperature  60“ )  the 
coefficient  of  absorption  of  carbon  dioxide  varies  in  proportion  to  the  foam  height,  which  varies  at  a  given  linear 
.gas  velocity  with  the  amount  of  liquid  on  the  grid  tray(of  the  apparatus). 

4,  The  foam  regime  is  very  effective  in  absorption  of  carbon  dioxide  from  gases  by  caustic  soda  solutions; 
it  ensures  a  high  rate  of  the  process,  which  can  therefore  be  carried  out  in  an  absorber  of  small  dimensions. 
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ABSORPTION  OF  CARBON  DIOXIDE  BY  CAUSTIC  SODA  SOLUTIONS 
UNDER  FOAM  CONDITIONS 

M.  E.  Pozin,  B.  A.  Kopylev,  and  E.  A,  Tarat 
The  Lensovlet  Technological  Institute,  Leningrad 


Caustic  soda  solutions  are  widely  used  in  deep-cooling  units  in  the  production  of  synthetic  ammonia  for 
final  purification  of  the  gas,  and  in  many  other  cases  when  a  high  degree  of  removal  of  carbon  dioxide  from 
gases  is  required. 

This  process  is  effected  in  cumbersome  packed  towers  or  bubbling  absorbers. 

Available  data  on  the  absorption  of  carbon  dioxide  by  3  N  NaOH  solution  at  60*  [1],  and  also  on  the 
absorption  of  various  other  gases  [2-7],  show  that  absorption  of  carbon  dioxide  by  alkali  solution  proceeds  much 
more  rapidly  under  foam  conditions  than  in  scrubbers  or  bubbling  absorbers.  It  was  desired  in  this  connection  to 
determine  the  optimum  process  conditions  for  the  foam  regime.  The  chemistry  and  mechanism  of  this  process, 
and  its  rate  under  different  conditions,  have  not  been  studied  sufficiently  as  yet 

The  mechanism  of  the  process  depends  on  the  conditions  of  COj  diffusion  in  the  gas  and  liquid  phases, 
diffusion  of  the  reaction  products  from  the  surface  into  the  bulk  of  the  liquid,  and  diffusion  of  hydroxyl  ions 
toward  the  reaction  zone  [8]. 

The  carbonate  formed  differs  from  sodium  hydroxide  in  solubility  in  water,  rate  of  Interaction  with  CO2, 
diffusion  rate,  etc.  The  poor  solubility  of  CO2  in  the  surface  (carbonate)  liquid  hinders  diffusion  of  the  absorbed 
component  from  the  gas  phase. 

The  available  literature  data  on  the  rate  of  absorption  of  CO2  by  NaOH  solutions  [8-14]  refer  to  different 
conditions;  the  results  obtained  are  contradictory  and  different  explanations  are  offered  for  the  mechanism  of 
the  process.  Such  data  cannot  be  used  for  selection  of  the  optimum  conditions,  such  as  temperature  and  solution 
concentration,  for  the  process  in  the  foam  apparatus. 

The  purpose  of  this  work  was  to  study  the  rate  of  absorption  of  CO2  by  NaOH  solutions  under  foam  condi¬ 
tions  in  relation  to  physicochemical  and  hydrodynamic  conditions— concentrations  of  CO2  in  the  gas  phase  and 
NaOH  in  solution,  temperature,  linear  gas  velocity,  liquid  flow  rate,  etc. 

The  experimental  results  are  presented  below;  they  characterize  the  rate  and  degree  of  absorption  of 
carbon  dioxide  by  caustic  soda  solutions  in  the  foam  apparatus  under  various  conditions. 


EXPERIMENTAL  RESULTS 

The  results  given  below  were  obtained  in  the  absorption  of  carbon  dioxide  by  caustic  soda  solutions  in  a 
model  foam  apparatus  described  earlier  [1]. 

Fig.  1  represents  variations  of  the  absorption  coefficient  K  calculated  per  1  m*  of  grid  (tray)  area*, and 
of  the  efficiency  tj  of  a  single  tray,  with  the  initial  concentration  Cjj^  of  CO2  in  the  gas.  Methods  for  calculation 

•The  experimental  conditions  in  this  and  subsequent  cases  are  given  in  the  figure  captions. 
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Fig.  1.  Effects  of  carbon  dioxide  concentration 
In  the  gas  on  K  and  tj  :  A )  absorption  coefficient 
K  (in  kg  /m*’  hour  •  kg/  m’),  B)  degree  of  absorp¬ 
tion  (efficiency)  rj  (%),  C)  initial  concentration 
of  COj  in  the  gas  (vol.  %);  5/2  grid;  gas 
velocity  w  =2.0  m/ second,  liquid  rate  1=5 
mVni  *  hour ,  weir  height  hj^  =  100  mm,  3  NNaOH 
solution,  t=  60*. 
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Fig. 2.  Effects  of  concentration  of  the  caustic  soda 
solution  onK,  tj  ,  and  H:  A)  absorption  coefficient 
K  (in  kg/ m*  ‘hour  ‘kg/m*),  B)  degree  of  absorption 
(efficiency)  ij  (%),  C)  foam  height  H  (mm),  D) 
concentration  of  NaOH  solution  (in  g-equiv/ liter); 
gas  velocity  w  in  apparatus  (m/ second);  1)  0.5;  2) 
2.0;  5/ 2  grid,  i  =  5  m*/ m  •  hour,  hjj  =  100  mm, 
Cin  =  6%,  t  =  60*. 


of  K  and  rj  have  been  described  previously  [  1-7]. 

It  may  be  seen  that  under  otherwise  constant  condi¬ 
tions  K  is  almost  independent  of  Cj^  in  the  range  of 
2  to  15<yft  Tills  shows  that  the  absorption  rate  is  de¬ 
termined  In  this  Instance  by  the  resistance  of  the  gas 
phase.  The  values  of  17  increase  somewhat  with  In¬ 
crease  of  Cjj^,  as  n  Increases  with  decrease  of  w. 

Variations  of  the  absorption  characteristics  of 
carbon  dioxide  in  the  foam  apparatus  with  the  NaOH 
content  In  solution  are  plotted  In  Fig.  2  It  is  seen 
that  the  coefficient  of  absorption  and  degree  of  ab¬ 
sorption  of  CO2  (efficiency)  increase  with  Increase  of 
NaOH  concentration  from  0.25  N  to  2  N.  This  is  be¬ 
cause,  at  relatively  low  NaOH  concentration  from  0.25 
N  to  2  N.  This  is  because,  at  relatively  low  NaOH 
concentrations  In  solution,  the  driving  force  of  the  proc¬ 
ess  is  determined  by  diffusion  conditions  in  the  liquid 
as  well  as  In  the  gas  phase.  It  must  be  noted  that  K 
and  Tj  Increase  in  this  concentration  range,  despite  the 
fact  that  the  foam  height  diminishes  somewhat  (under 
otherwise  equal  conditions)  with  Increase  of  NaOH 
concentration  owing  to  changes  in  the  physical  prop¬ 
erties  of  the  solutions  —  increases  of  density,  viscosity, 
and  surface  tension. 

The  curves  for  K  as  a  function  of  NaOH  con¬ 
centration  follow  this  course  at  all  gas  velocities 
studied  (0.5-2  m/second);  this  Is  In  good  agreement 
with  lit  erature  data  on  absorption  of  CO2  In  packed 
towers  f  13]. 

The  effect  of  the  degree  of  carbonation  of  NaOH 
solution  on  the  absorption  of  CO2  is  shown  in  Fig.  3. 

At  up  to  25<7o  carbonation  of  the  solution  ,K  and  tj  de¬ 
crease  slightly,  while  at  higher  degrees  of  carbonation 
these  values  fall  sharply.  The  deterioration  of  ab¬ 
sorption  with  increasing  carbonation  of  the  solution  Is 
due  to  the  decrease  of  the  chemical  capacity  of  the 
solution  and  also  to  increase  of  the  diffusion  resist¬ 
ance  in  the  liquid  phase  owing  to  the  appearance  in 
the  liquid  phase  of  a  carbonate  layer.  In  which  CO2  is 
considerably  less  soluble  than  in  the  main  bulk  of 
NaOH.  This  is  confirmed  by  the  results  of  experiments 
on  absorption  of  CO2  by  solutions-contalning  equal 
amounts  of  NaOH  and  different  amounts  of  NajCO, 
(Fig.  4). 

It  follows  from  Fig.  3  that, after  the  degree  of 
bicarbonation  of  the  soda  liquor  has  reached  20-25%, 
absorption  of  CO2  improves,  probably  because  of  pre¬ 
cipitation  of  bicarbonate  and  Increased  solubility  of 
carbon  dioxide  in  the  system  f  4]. 

Variations  of  K  and  jj  with  temperature  are 
plotted  in  Fig.  5.  Absorption  of  CO2  Improves  with 
increase  of  temperature  from  20  to  45-50".  This  Is 
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Fig.  3.  Variations  of  K  and  tj  with  the  degree 
of  carbonatlon  of  the  solution:  A)  absorption 
coefficient  K  (In  kg/m*  •  hour*  kg/m*),  B)degree 
of  absorption  (efficiency)  rj  {%),  C)  NaOH  con¬ 
tent  of  solution  (In  g-eq.^^v/ liter),  D)  Na2C03 
content  of  solution  (In  g-equlv/ liter),  E)  NaHCOj 
content  of  solution  (In  g-equiv/ liter );lnltlal  con¬ 
centration  of  COj  In  gas  (vol.®7o):  1)  6,  2) 

30;  5/2  grid,  w=  2.0  m/second,  1=5  m*/m  • 

•hour,  hjj  =  100  mm,  t  =  18°. 


Fig.  4.  Variations  of  K  and  t?  with  the  amount  of 
Na2C03  present  In  the  NaOH  solution;  A)  ab¬ 
sorption  coefficient  K  (in  kg/m*  •  hour  kg/m*), 
B)  degree  of  absorption  (efficiency)  tj  (%),  C) 
Na2C03  content  of  NaOH  solution  (in  g-equlv/ 
liter);  5/2  grid,  w  =  2.0  m/second,  H  =  220 
mm,  3  N  NaOH  solution,  =  6*^0,  t  =  18*. 


of  w  (Fig.  9),  as  the  time  of  contact  between  the 
approximately  the  same  phase-contact  area). 


because  of  the  favorable  Influence  of  temperature  on  the 
rates  of  chemical  reactions  and  somewhat  Improved  foam¬ 
ing  conditions.  On  further  Increase  of  temperature,  K  and 
T)  remain  almost  constant,  and  even  begin  to  decrease  a 
little  at  70-80*.  Thus,  there  are  optimum  temperatures 
(50-70*)  for  absorption  of  CO2  by  alkali  at  which  the 
degree  and  rate  of  absorption  are  at  their  highest. 

Fig.  6  shows  variations  of  K  and  t)  with  the  liquid 
flow  rate  calculated  on  the  width  of  the  overflow  orifice 
of  the  tray  (m*/m  •  hour).  The  Increases  of  K  and  tj  with 
Increase  of  ^  are  due  to  increase  of  the  height  H  of  the 
foam  layer,  which  Improves  absorption  characteristics. 

The  effects  of  linear  gas  velocity  on  K  and  t)  are 
more  Important  and  complex  (Fig.  7).  The  height  of  the 
foam  layer  increases  with  w,  and  this  leads  to  a  correspond¬ 
ing  increase  of  K.  However,  at  w  >  2.5-3  nV second 
the  rate  of  increase  of  K  diminishes  somewhat.  This  Is 
because  of  a  considerable  reduction  In  the  time  of  phase 
contact,  which  Is  no  longer  balanced  by  an  increase  of 
the  interfacial  area,  and  a  decrease  of  the  efficiency  [3]. 
Over  a  definite  range  of  w  (up  to  2.5  m/ second),  fairly 
wide  for  practical  purposes,  the  absorption  coefficient 
increases  synbatically  with  the  height  of  the  foam  layer. 

The  data  plotted  in  Fig.  7  were  obtained  at  constant 
flow  rate^  and  weir  height  h^j,  i  e. ,  at  constant  height 
ho  of  the  initial  liquid  layer  and  variable  foam  height. 

From  the  theoretical  viewpoint,  in  order  to  elucidate  the 
physical  Influence  of  the  gas  velocity  on  absorption 
characteristics,  it  is  of  interest  to  study  variations  of  K 
and  TJ  with  w  at  constant  foam  height.  These  variations 
are  plotted  in  Fig.  8  and  9;  they  were  found  by  calcula¬ 
tion  from  empirical  relationships;  K  =  f  (H)  and  tj=  «^(HX1]. 

These  results  show  that  at  a  given  foam  height  the 
absorption  coefficient  is  proportional  to  the  gas  velocity 
in  the  apparatus  (Fig.  8).  This  is  to  some  extent  a 
characteristic  of  the  true  dependence  of  K  on  w  , 
since  it  is  valid  to  assume  that  the  influence  of  all  other 
factors  which  also  affect  K  and  vary  with  the  gas 
velocity  is  eliminated  at  constant  H.  It  should  be 
noted,  however,  that  a  constant  value  of  H  is  achieved 
by  variation  of  ho  and  therefore  by  variations  of  the 
structure  of  the  gas— liquid  system  at  different  w. 

The  degree  of  absorption  of  CO2  from  the  gas,  or 
the  tray  efficiency  tj  ,  decreases  sharply  with  increase 
gas  and  liquid  phases  decreases  at  constant  foam  height  (and 


Investigations  of  the  absorption  of  CO2  by  NaOH  solution  reveal  the  complexity  of  the  mechanism  of  the 
process,  and  the  dependence  of  its  rate  on  the  diffusion  conditions  in  the  gas  and  liquid  phases,  the  rates  of 
chemical  reactions,  contents  of  carbonate  ions  in  solution,  and  temperature  conditions. 


The  experimental  results  also  show  that  the  process  (and  therefore  Its  separate  stages)  Is  considerably  intens¬ 
ified  when  it  is  effected  under  high-turbulence  foam  conditions. 
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Fig.  5.  Variations  of  K  and  rj  with 
temperature:  A)  absorption  coefficient 
K  (in  kg/m*  •  hour  •  kg/m*),  B)  degree 
of  absorption  (efficiency)  rj  (%).  C) 
temperature  ( *C);  5/2  grid,  w  =  2.0 

m/ second,  1=5  m^/m  •  hour,  hj,  =  100 
mm,  1  N  NaOH  solution,  Cjj^  =  6% 
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Fig.  6.  Variations  of  K  and  rj  with  the 
liquid  flow  rate:  A)  absorption  coefficient 
K  (in  kg/m*  hour  •  kg/m*),  B)  degree  of 
absorption  (efficiency)  ij  (%),  C)  liquid 
flow  rate  i_  (m*/m  hour);  5/2  grid,  w  = 

=  0.75  m/second,  h^j  =  200  mm,  1  N  NaOH 
solution,  =  6%,  t  =  18". 
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Fig.  7.  Variations  of  K,  rj,  and  H  with  gas 
velocity  in  the  full  section  of  the  apparatus: 
A)  absorption  coefficient  K  (in  kg/m*  • 

•  hour  •  kg/m*),  B)  degree  of  absorption 
(efficiency)  tj  (%),  C)  foam  height  H(mm) 
D)  gas  velocity  w  in  apparatus  (m/ second); 
5/2  grid,  i  =  5  m*/m  •  hour,  hj^  =  100  mm, 
3  N  NaOH  solution,  =  6%,  t  =  60°. 


Fig.  8.  Variation  of  the  coefficient  of  ab¬ 
sorption  of  carbon  dioxide  with  the  gas 
velocity  in  the  full  section  of  the  apparatus 
(at  constant  foam  height)  -.  A)  absorption 
coefficient  K  (inkg/m*-  hour  -  kg/m*), 

B)  gas  velocity  w  in  apparatus  (m/ second); 
foam  height  H  (mm):  1)  100,  2)  150,  3) 
200,  4)  250,  5)  30a  5/2  grid,  3  N  NaOH 
solution,  Cjfj  =  6%,  t  =  60°. 
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According  to  available  literature  data  [8,  13]  the 
coefficient  of  absorption  of  COj  by  NaOH  solution  in  a 
packed  tower  operating  under  the  normal  film  conditions 
does  not  exceed  1000-1250  kg/m®  ■  hour  •  atmos. 

At  a  linear  gas  velocity  of  2-2.5  m/ second  in  the 
full  section  of  the  foam  apparatus,  the  absorption  coeffi¬ 
cient  (with  the  Intertray  distance  of  0.5  m  taken  into  ac  - 
count)  is  4-5  times  that  in  packed  scrubbers  operated  at 
full  capacity. 

SUMMARY 

1.  The  effects  of  gas  velocity,  CO2  concentration  in 
the  gas,  NaOH  concentration  in  solution,  degree  of  carbon- 
ation  of  the  alkaline  solution,  and  temperature  on  the  extent 
and  rate  of  absorption  of  carbon  dioxide  by  caustic  soda  under 
foam  conditions  have  been  studied. 

2.  The  coefficient  of  absorption  K  of  carbon  dioxide 
by  3  N  NaOH  solution  at  60"  is  almost  Independent  of  the 
CO2  concentration  in  the  gas  between  2  and  15<7a 

3.  The  values  of  K  and  efficiency  rj  as  functions  of 
the  NaOH  concentration  in  solution  reach  a  maximum  at 
approximately  2  N  NaOH. 

4.  The  values  of  K  and  tj  fall  sharply  with  increasing  carbonation  of  caustic  soda;  these  values  are  ap¬ 
proximately  4  times  as  high  in  the  absorption  of  CO2  by  NaOH  solution  as  in  absorption  by  a  completely  carbon¬ 
ated  solution.  It  was  shown  experimentally  that  the  rate  of  absorption  of  carbon  dioxide  by  caustic  soda  solution 
of  constant  NaOH  concentration  decreases  with  increase  of  the  amount  of  Na2C03  present  in  solution. 

5.  The  variations  of  K  and  tj  with  temperature  are  characterized  by  a  maximum  at  45-50". 

6.  In  the  range  of  linear  gas  velocities  from  0.5  to  3.5  m/ second  in  the  absorption  of  carbon  dioxide  by 
3  N  NaOH  solution  at  60",  K  increases  approximately  from  700  to  2000  m/hour,  while  t)  decreases  approxi¬ 
mately  from  34  to 

7.  These  results  can  be  used  In  the  selection  of  optimum  conditions  for  removal  of  carbon  dioxide  from 
various  gases  or  for  carbonation  of  alkaline  solutions  in  the  foam  apparatus. 

8.  By  use  of  the  foam  regime  it  Is  possible  to  accelerate  the  absorption  of  carbon  dioxide  by  caustic  soda 
solutions  4  to  5-fold  in  comparison  with  absorption  In  scrubbers  working  to  full  capacity. 


Fig.  9.  Variation  of  the  degree  of  absorption 
of  carbon  dioxide  (efficiency)  tj  with  gas 
velocity  In  the  full  section  of  the  apparatus 
at  constant  foam  height:  A)  degree  of  absorp¬ 
tion  (efficiency)?)  (%),  B)  ^s  velocity  w  in 
apparatus  (in  nV second);  foam  height  H  (in 
mm);  1)  100,  2)  150,  3)  200,  4)  250,  5) 
300;  5/2  grid,  3  N  NaOH  solution,  Cjn  = 

=  6*70,  t  =  60". 
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SURFACE  RESISTANCE  IN  ABSORPTION  PROCESSES 

M.  Kh.  Kishinevskll  and  L.  A.  Mochalova 
The  State  University,  Kishinev 


The  absorption  of  gases  by  liquids  consists  of  three  stages:  1)  transfer  of  substance  from  the  gas  volume 
to  the  interface;  2)  transition  of  molecules  of  the  absorbed  gas  from  the  gas  phase  to  the  liquid  phase,  or  the 
dissolution  stage;  3)  transfer  of  substance  from  the  Interface  into  the  liquid  phase 

In  most  papers  dealing  with  analysis  of  the  mechanism  of  absorption  of  gases  by  liquids  It  is  assumed  that 
the  dissolution  process  at  the  Interface  —  the  second  stage  —  proceeds  at  a  considerably  higher  rate  than  the  first 
and  third  stages,  which  determine  the  kinetics  of  the  process  as  a  whole.  These  assumptions  are  made,  for 
example,  in  Whitman’s  two-film  theory  [1]  and  in  our  publications,  with  the  consequent  use  of  the  Henry  equation 
for  determination  of  a  quantitative  relationship  between  the  partial  pressure  of  the  absorbed  gas  and  the  concentra¬ 
tion  of  the  corresponding  molecules  In  the  liquid  at  the  interface 

There  must  be  at  least  some  deviation  from  equilibrium  at  the  interface  to  ensure  a  continuous  flow  of  sub¬ 
stance  from  the  gas  to  the  liquid  phase.  However,  in  the  above -cited  Investigations  this  deviation  is  assumed  to 
be  so  small  that  the  Henry  equation  can  be  used  without  appreciable  error.  Some  authors  do  not  share  this  view. 
For  example,  Emmert  and  Pigford  [2]  consider  it  necessary  to  take  surface  resistance  into  account  in  analysis  of 
absorption  processes.  In  their  opinion,  the  rate  of  transfer  at  the  Interface  is  given  by  the  following  expression: 

= 


Icfz^molcs 

where  A  Is  the  concentration  of  the  component  In  the  gas  phase  (in  - ); 


u  is  the  root  mean  square 


velocity  of  the  gas  molecules;  ai  is  the  accommodation  coefficient  for  molecules  penetrating  from  the  gas  to 
the  liquid  phase;  A^  is  the  fictive  concentration  of  the  gas  phase  In  equilibrium  with  the  liquid  concentration 
Aj  at  the  Interface;  a2  is  the  accommodation  coefficient  for  molecules  leaving  the  liquid  phase. 

When  aj=a2=a  ,  the  transfer  equation  assumes  the  form 


aa 


(2) 


In  recent  years  a  considerable  number  of  papers  have  been  published  on  the  kinetics  of  absorption  complicated 
by  chemical  reaction,  and  on  the  kinetics  of  simple  absorption  .  Analysis  of  the  available  data  shows  that  the 
concepts  of  the  process  kinetics  based  on  two  resistances  —  of  the  gas  and  liquid  phases  —  are  Inadequate  to  account, 
from  a  single  standpoint,  for  experimental  data  for  different  systems  under  a  variety  of  hydrodynamic  conditions. 

It  is  necessary  to  take  into  account  the  resistance  associated  with  the  dissolution  process  Itself  at  the  interface,!. e. , 
the  surface  resistance.  As  Is  shown  below,  this  does  not  involve  a  revision  of  the  analysis  of  experimental  data 
presented  in  our  earlier  papers  and  of  our  theory  of  diffusion  from  a  free  surface,  which  are  merely  supplemented 
by  considerations  of  surface  resistance. 

The  necessity  to  take  surface  resistance  into  account  Is  demonstrated  especially  clearly  by  analysis  of  the 
experimental  data  of  Pozln  and  Kopylev  [3].  They  studied,  on  a  sieve  plate,  the  influence  of  gas  velocity  on  the 
coefficient  of  mass  transfer  for  two  systems:  NH3  -cuprammonium  solution,  and  CO2  -IN  NaOH  solution.  In  the 
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former  case  the  height  of  the  overflow  weir  was  10  mm,  and  In  the  second  200-240  mm,  but  despite  this  the  coef¬ 
ficient  of  mass  transfer  per  1  m*  of  plate  surface  (in  m/hour)  was  approximately  one  order  of  magnitude  higher 
In  the  ammonia  experiments  than  in  the  experiments  with  carbon  dioxide.  The  authors  classify  the  first  system 
with  absorption  of  readily  soluble  gases,  and  the  second,  with  absorption  of  moderately  soluble  gases.  In  the 
former  case  the  rate  of  the  process  Is  controlled  by  the  resistance  of  the  gas  phase,  and  In  the  second,  by  the 
resistance  of  the  liquid  phase  In  addition  to  that  of  the  gas  phase. 

However,  It  would  be  Incorrect  to  explain  in  this  way  the  large  difference  between  the  mass-transfer  coef¬ 
ficients  In  the  experiments  with  the  two  systems.  In  absorption  of  carbon  dioxide  from  a  gaseous  mixture  con¬ 
taining  about  \0<’loC02  by  caustic  soda  solutions  on  a  sieve  plate,  the  liquid -phase  resistance  has  no  practical 
influence.  This  follows  from  the  fact  that  the  absorption  rate  does  not  change  with  Increase  of  the  caustic  soda 
concentration  above  1  N,  Consequently,  the  low  rates  of  absorption  of  CO2  at  these  alkali  concentrations  can¬ 
not  be  attributed  to  resistance  of  the  liquid  phase.  Evidently  in  the  absorption  of  CO2  at  NaOH  concentrations 
above  1  N.the  rate  of  absorption  is  determined  not  by  the  resistances  of  the  gas  and  liquid  phases,  but  by  surface 
resistance. 

In  analysis  of  the  mechanism  of  absorption  processes, surface  resistance  can  be  taken  into  account  on  the 
basis  of  more  general  although  less  formal  considerations  than  those  used  by  Emmert  and  Pigford.  In  particular, 
we  do  not  think  it  is  necessary  10  assume  that  the  accommodation  coefficients  and  are  equal. 


The  rate  of  solution  of  the  gas  molecules  at  the  interface  is  given  by  the  equation 

q  =  k^Pi  —  k2Ci, 


(3) 


where  kjPj  Is  the  rate  of  the  forward  process  and  k2Ci  is  the  rate  of  the  reverse  process;  Pi  Is  the  partial 
pressure  (in  atmos)  of  the  absorbed  gas  at  the  Interface;  Ci  Is  the  concentration  of  the  gas  molecules  In  the 
liquid  phase  at  the  Interface  (in  mole^Iter). 


By  the  Henry  equation,  the  concentration  Ci  corresponds  to  a  certain  flctive  partial  pressure 

C,  =  HP\. 

Substitution  of  Equation  (4)  into  Equation  (3)  gives 

q  =  kj\-  k^UP]. 


(4) 


(5) 


If  a  state  close  to  equilibrium  is  established  at  the  interface,  for  example  as  the  result  of  retarded  removal 
of  the  molecules  from  the  surface  Into  the  volume,  two  relationships  hold; 


Pi  ^  /’'andA-iP.  k.JIP*. 


It  follows  that 


//  =  A, 


(6) 


and  the  rate  of  the  process  is 

9  =  A,  (/>,-/’•).  (7) 

An  example  of  relatively  rapid  establishment  of  a  state  close  to  equilibrium  is  the  solution  of  gas  mole¬ 
cules  in  a  liquid  the  surface  of  which  is  not  renewed. 

We  shall  now  attempt.  In  the  light  of  the  foregoing  considerations,  to  provide  an  explanation  of  the  ex¬ 
perimental  data  according  to  which  the  mass-transfer  coefficient  found  from  the  limiting  rate  of  absorption  of 
CO2  in  NaOH  solutions  is  considerably  less  than  the  coefficient  found  in  experiments  with  ammonia  or  with 
humidification  of  the  air. 

The  concentration  of  carbon  dioxide  Cj  at  the  interface  decreases  with  increase  of  the  caustic  soda  con¬ 
centration,  and  Pi*  decreases  in  accordance  with  Equation  (4).  There  is  also  some  decrease  of  Pi,  but  the 
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difference  Pj  ~  Pj  *  increases  as  the  rate  of  absorption  (Equation  (7))  becomes  higher.  Since  on  further  increase 
of  NaOH  concentration  the  limiting  value  of  the  absorption  rate  is  ultimately  reached,  it  is  evident  that  P^  and 
the  value  of  Cj  corresponding  to  it  approach  zero. 

In  a  series  of  papers  [4,  5],  for  determination  of  the  gas-phase  transfer  coefficient  we  divided  the 
limiting  rate  by  the  average  partial  pressure  in  the  gas  phase,  P.  In  reality,  as  can  now  be  seen,  this 

method  did  not  give  Rg-  In  the  general  case  this  procedure  corresponds  to  the  expression 

*1  lim 
■  -  # 


where  pj  Is  the  partial  pressure  of  the  gas  at  the  interface  corresponding  to  the  limiting  rate. 

It  can  be  shown,  however,  that  for  the  system  COj"  aqueous  NaOH  solution  the  value  of  Pj  is  close  to  P, 
and  therefore  the  above  method  gives  a  value  close  to  the  coefficient  kj. 

The  figure  shows  the  dependence  of  the  gas -phase  transfer  coefficient  per  1  m*  of  plate  area  on  the  gas 
velocity  In  the  full  section  of  the  column,  based  on  the  results  of  various  workers.  Some  design  details  of  the 
plates  used  in  their  Investigations  are  given  In  the  table. 

It  is  seen  that  the  mass -transfer  coefficient  found  from  data  on  air  humidification  Is  many  times  greater 
than  the  coefficient  found  from  data  on  CO2.  Since  the  absorption  rate  may  also  be  expressed  in  terms  of  mass 
flow  through  the  gas  phase 

q  =  kQ(P-Pi),  (8) 


it  follows  that  the  large  difference  between  the  rates  for  these  systems  under  equal  hydrodynamic  conditions 
(equal  Rq)  and  equal  P  (In  the  case  of  humidification,  P  is  the  water-vapor  pressure)  may  be  attributed  to  the 
low  value  of  the  driving  force  P— Pj  In  the  absorption  ofCOj. 

Design  Details  of  Plates 
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Data  of  West,Gilbert, 
and  Shimizu  on  air 
humidification  [6] 

Data  of  Gerster, 
Colburn,  Bonnet, 
and  Carmody  on 
air  humidification 
[7]. 

Data  of  Kuz’minykh, 
Aksel’rod,  Koval*, 
and  Rodionov  on  air 
[humidification  [8]. 

Data  of  Pozin  and 
Kopylev: 

on  absorption  of 
ammonia  by  cuptam- 
monium  solutions 
on  absorption  of 
carbon  dioxide  by 
1  N  NaOH  solution. 
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Dependence  of  the  gas-phase  transfer  coefficient  per  1  of  plate  area 
on  the  gas  velocity  in  the  full  section  of  the  column:  A)  gas-phase 
transfer  coefficient  per  unit  plate  area  (in  kg-moles/hr*  m^),  B)  gas 
velocity  (m/second);  1)  system  COj—  1  N  NaOH  [3];  2)  system  NH3  — 
cuprammonium  solution  [3];  original  level  (in  cm)  [6]:  3)  1.27,  4) 
2.54,  5)  508;  6)  literature  data  [8],  7)  literature  data  [  7]. 


Thus,  in  the  above-mentioned  papers, a  value  close  to  kj  rather  than  the  transfer  coefficient  k^^j  was  found 
from  the  limiting  rate  of  absorption  of  carbon  dioxide  by  NaOH  solutions.  Determination  of  the  partial  pressure 
at  the  Interface  (P*)  at  equilibrium  with  concentration  (C*)  of  CO2  molecules  in  the  liquid  phase  (P  •  and  C  • 
are  symbols  used  in  these  papers)  was  performed  correctly,  as  Equation  (7)  was  used  for  these  calculations.  There¬ 
fore  our  earlier  conclusions  concerning  the  mechanism  of  the  processes  in  the  liquid  phase  do  not  require  revision 
if  the  surface  resistance  is  taken  into  account. 


It  can  now  be  explained  why  Pozin  and  Kopylev  [3]  found  that  the  mass-transfer  coefficient  calculated  from 
data  on  NHj  increases  continuously  with  increase  of  the  gas  velocity,  whereas  in  the  experiments  with  COj  it 
decreases  after  passing  through  a  maximum.  In  the  former  case,  because  of  the  very  high  solubility  of  NH3,  they 
found  a  value  close  to  k^,  which  increases  continuously  with  Increase  of  the  gas  velocity  owing  to  increasing 
turbulence  in  the  gas  phase.  In  the  second  case  they  found  the  coefficient  k^,  the  magnitude  of  which  is  de¬ 
termined  by  the  average  velocity  of  thermal  motion  of  the  molecules,  the  accommodation  coefficient,  and  the 
extent  of  the  interface  (if  the  process  Is  carried  out  on  sieve  plates  the  area  of  the  interface  is  not  known,  and 
therefore  it  enters  as  a  factor  into  kj  and  into  the  mass -transfer  coefficients)  The  interfacial  area  decreases 
at  high  gas  velocities,  so  that  the  curve  for  kj  as  a  function  of  the  gas  velocity  passes  through  a  maximum. 


The  relationship  between  the  over-all  transfer  coefficient  It,  the  partial  coefficients  k^  and  kj^,  and  the 
coefficient  of  the  rate  of  solution  k  =  (kj),  if  the  driving  force  is  expressed  as  the  difference  of  partial  pressures, 
can  be  represented  as  follows:  ^ 


1111 

k 

It  has  been  shown  [6]  that  the  solution  rate  coefficient  kp  is  proportional  to  the  Henry  coefficient.  There¬ 
fore  in  absorption  of  easily  soluble  gases,  and  in  evaporation  and  condensation  processes,  the  expression 

1  .  1 
*p 

may  be  disregarded  in  comparison  with  —  .  With  sparingly  soluble  gases, the  gas -phase  resistance  may  be 

disregarded.  It  is  not  the  gas-phase  resistance  but  the  surface  resistance  which  determines  the  attainment  of  the 
so-called  critical  concentration  of  the  chemically  active  part  of  the  absorbent  In  absorption. 
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In  conclusion,  we  wish  to  point  out  that  this  paper  Is  not  claimed  to  proved  complete  elucidation  of  the 
question  of  surface  resistance.  Our  main  object  was  to  draw  attention  to  the  possible  explanation  of  certain  ex¬ 
perimental  facts  which  appear  contradictory  at  first  sight,  and  so  to  stimulate  Interest  In  this  problem. 


SUMMARY 

1.  Mass-transfer  coefficients  determined  from  data  on  air  humidification,  absorption  of  ammonia  by 
cuprammonlum  solutions,  and  absorption  of  carbon  dioxide  by  caustic  soda  solutions  on  sieve  plates  are  com¬ 
pared. 

2.  It  is  shown  that  the  low  value  of  the  mass-transfer  coefficient  in  experiments  on  absorption  of  COj  by 
1  N  NaOH  solution  may  be  attributed  to  surface  resistance. 

3.  It  Is  suggested  that.  In  the  absorption  of  a  sparingly  soluble  gas  by  a  chemically  active  absorbent, 
surface  resistance  determines  the  rate  of  the  process  as  the  concentration  of  the  absorbent  increases. 
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SOME  QUESTIONS  OF  THE  ANALOGY  BETWEEN  DIFFUSIONAL  AND 
THERMAL  PROCESSES* 

A.  A.  Medvedev  and  P.  G.  Romankov 
The  Technological  Institute,  Leningrad 


The  analogy  between  diffusional  effects  and  heat  conduction  is  widely  used  In  investigations  of  diffusional 
processes.  Thus,  Fick  fl]  applied  Fourier's  method  (1822)  to  unidimensional  flow  of  matter  In  a  stationary  iso¬ 
tropic  medium  and  formulated  his  equations  for  concentrated  diffusion  [  1]: 


ix  =  —I) 


dc 

dx 


(1) 


dc'  d'^c 

dz  ^  dx'^  ’ 


(2) 


The  corresponding  equations  for  heat  conduction  are; 


<7  = 


(3) 


d'il 

Ox  ^  dx^  ’ 


(4) 


It  was  pointed  out  by  Duclaujc  [2]  that  Fick's  paper  [1]  dealing  with  the  fundamental  principles  of  the  dif¬ 
fusion  theory  is  cited  very  frequently  and  very  inaccurately.  Therefore  the  following  quotation  is  not  without 
interest:  "To  express  Fick’s  basic  idea  it  is  sufficient  to  replace,  in  Fourier's  law,  the  words  quantity  of  heat  by 
the  words  quantity  of  solute,  and  the  word  temperature  by  the  words  solution  concentration"  [2a].  It  is  also 
pointed  out  in  the  same  book  [2a  ]  that  Fick  regarded  Equation  (1)  as  the  mathematical  form  of  his  hypothesis 
which  was  used  for  derivation  of  Equation  (2),  and  that  Equation  (2)  is  the  only  true  Fick’s  equation. 

In  the  original  source  [1]  ,we  find  a  paragraph  which  fully  confirms  the  validity  of  the  first  comment  by 
Duclaux  with  regard  to  the  expression  of  the  fundamental  idea  of  this  paper.  His  second  comment,  in  our  opinion, 
should  be  modified  in  the  sense  that  both  diffusion  equations  were  derived  by  Fick  by  the  Fourier  method,  and 
both  equations  are  given  in  the  paper  [1]  without  their  derivation.  Fick  actually  wrote:  "Exactly  in  the  form  of 
Fourier’s  equation  for  heat  conduction  we  derive  .  .  .  the  differential  equation  for  diffusional  flow"  [1].  The 
diffusional  equation  is  written  only  in  its  final  form  by  the  author. 

Equation  (1)  as  a  statement  of  the  hypothesis  that  the  rate  of  diffusional  flow  Is  proportional  to  the  concentra' 
tion  gradient,  as  well  as  Equation  (2),  has  been  confirmed  by  numerous  experiments  and  has  the  force  of  an  em¬ 
pirical  law,  valid  under  definite  conditions. 

In  the  theory  of  chemical  engineering  processes, it  is  usually  assumed  that  Equations  (1)  and  (2)  are  the 
complete  analogs  of  Equations  (3)  and  (4).  For  example,  if  we  consider  Equations  (1)  and  (3)  in  the  light  of  the 

•Communication  I  in  the  series  on  diffusional  processes. 
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foregoing,  we  might  assume  that  the  rate  of  diffusional  flow  1^^  is  the  analog  of  the  rate  of  heat  flow  q^,  the 

at 


driving  force 


is  the  analog  of 


ax 


and  D  is  the  analog  of  x 


Comparison  of  Equations  (1)  -  (4)  leads  to  a  somewhat  different  conclusion:  on  the  one  hand,  the  coef¬ 
ficient  D  is  the  analog  of  thermal  conductivity  and  on  the  other,  of  temperature  conductivity  .  It  is 

pCp 

obvious  that  the  same  quantity  cannot  characterize  equally  different  physical  properties  of  substances. 


Let  us  attempt  to  elucidate  this  difference  by  analysis  of  the  diffusion  equations.  As  an  example,  we 
consider  molecular  mass  transfer  in  a  binary  solution.  This  kind  of  transfer  is  very  characteristic  of  typical 
processes  in  chemical  engineering,  and  in  particular  of  extraction  in  solid  —  liquid  systems. 

The  basis  of  our  analysis  is  the  complete  analogy  between  the  physlcomathematical  descriptions  of  diffusion 
and  heat  conduction,  and  the  applicability  of  the  methods  of  thermodynamics  of  irreversible  processes  [3,  4]  to 
these  phenomena. 


A.  V.  Lykov  [5]  described  moisture  transfer  phenomena  in  capillary-porous  bodies  with  the  assumption  of 
a  complete  analogy  in  the  light  of  classical  thermodynamics.  For  this  he  introduced  the  concept  of  a  single  ' 
mass-transfer  potential  0  as  the  analog  of  the  heat-transfer  potential  t,  i  e.,the  temperature,  and  then  defined 
the  terms  mass  capacity,  mass  conductivity,  and  potential  conductivity.  For  quantitative  evaluation  of  the 
results  Jie  proposed  an  experimental  scale  of  mass  (moisture)  transfer 


From  the  general  linearity  equation  [3,4] 


h 


k—\ 


(5) 


we  have  for  this  instance  (grad  T  =  0) 

/i  =  — Liigrad(|i,  —  fij), 

where  is  any  flow  rate;  Xj^  is  the  driving  force  of  the  process;  Ljj^  are  kinetic  coefficients  characterizing 
conductivity  (here  the  term  "conductivity"  also  includes  "conductance");  Ij  is  the  rate  of  diffusional  flow, 
and  pi  2  are  the  chemical  potentials  of  the  solution  components;  Ljj  is  a  kinetic  coefficient  characterizing 
the  diffusional  properties  of  the  solution. 

Equation  (6)  is  an  expression  for  the  rate  of  isothermal  diffusion  in  a  binary  solution  regarded  as  a  single 
phenomenon  of  interpenetration  of  two  components  [4,6]  without  a  superposition  effect.  With  the  aid  of  the 
Gibbs  —  Duhem  equation. 

ClrffXl  4- C2rf[X2  ••=  0,  (7) 


where  Cj  and  C2  are  the  concentrations  of  the  components  in  fractions  of  the  total  mass.  Equation  (6)  can  be 
put  into  the  form. 


where 


fi  =  — gradfj.,. 


(8) 


By  the  law  of  conservation  of  mass,  the  flow  rate  of  a  component  _1 
of  the  form 


corresponds  to  a  continuity  equation 


dci 

4-  div  /<  =0. 


(9) 


In  this  instance  (V  =  0,  1  =  1) 


dci 

di 


—  —div 


h- 


(10) 
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Substituting  the  flow  density  Ij^.from  Equation  (8)  Into  Equation  (10)  we  have,  after  transformation 

dui  (1) 

=  div(L^(rrad,i,). 

Passing  to  concentrations  per  unit  mass,  and  assuming  that  Lp  is  a  physical  constant  (which  is  quite  ad¬ 
missible  with  small  changes  of  chemical  potential)  we  obtain  Equation  (11)  in  the  following  form: 


dx 


v¥i- 


(12) 


The  physical  meaning  of  the  kinetic  coefficients  L  and  — ^ —  Is  defined  by  Equations  (8)  and  (12). 

dpi 

According  to  Equation  (8),  Lp  is  the  density  of  mass  flow  (quantity  of  mass  passing  across  unit  area  in  unit  time) 
under  unit  driving  force  In  isothermal  conditions,  I.e.,when  pi=  1  and  when  t  =  0.  Consequently  L^  is  the 
coefficient  of  mass  conductivity. 

The  complex  ratio — — ,  as  Equation  (12)  shows,  characterizes  the  rate  of  change  of  the  chemical 
P  ^ 

d  pi 

potential  field  of  the  component,  and  can  therefore  be  named  the  coefficient  of  conductivity  of  chemical 
potential. 

It  may  be  seen  that  the  conductivity  of  chemical  potential  takes  into  account  the  diffusional  properties 
of  the  system  from  two  aspects. 

First,  it  Includes  L  p,  the  conductivity  of  mass  flow,  l.e.,  it  characterizes  the  mass  -  transfer  properties, 
and  second,  it  includes  ,  the  ability  of  the  given  system  to  change  its  concentratlonal  field  with  change 

dpi 

of  the  chemical  potential  field  of  the  component,  I.  e. ,  the  inertia  properties  of  the  system. 


In  this  sense  may  be  named  the  coefficient  of  diffusional  Inertia  of  the  system.  Quantitatively 

dpi 

It  is  defined  by  the  Increment  of  the  concentration  of  component  mass  with  unit  change  of  its  specific  partial 
energy  (chemical  potential).  It  should  be  noted  that  the  concepts  of  diffusional  (concentratlonal)  Inertia  of  the 
system  and  inertia  of  the  chemical  potential  field  (in  its  propagation)  are  not  identical.  The  latter  concept  is 
determined  by  the  coefficient  of  conductivity  of  chemical  potential. 

Equations  (8)  and  (12),  which  represent  the  process  of  Isothermal  diffusion  in  a  two  —  component  system, 
lead  to  the  same  result  as  the  classical  equations  for  concentratlonal  diffusion.  However,  Equations  (8)  and  (12) 
have  the  merit  of  being  completely  analogous  to  the  corresponding  equations  for  heat  conduction.  For  a  unl- 
dlmenslonal  field  these  equations  are  of  the  form 


Itx  —  — 


<^M-i 

t)x 


dx  dci  ’  dx2  * 

P 

dpi 


(8a) 

(12a) 


If  we  compare  Equation  (8a)  with  Equation  (3), and  Equation  (12a)  with  Equation  (4)  we  see  that  all  the 
corresponding  terms  are  completely  analogous.  Thus,  in  Equations  (8a)  and  (3)  the  density  of  mass  flow  I^  =1,^ 

is  the  complete  analog  of  the  heat  current  density  q,  the  chemical—  potential  gradient  is  the  complete 

d  t  ^ 

analog  of  the  temperature  gradient  - ,  and  the  mass  conductivity  Lp  is  the  complete  analog  of  heat  con- 

d  X 

ductivity  X. 
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We  now  compare  Equations  (8a)  and  (1).  Here  the  left-hand  sides  of  the  equations  are  the  same,  i, e, 
Iix=ix.  so  that 

d(i, 


^ _ 

dx  ~  dx 


(13) 


Hence,  taking  into  account  that  C  =pCi,  we  have 


dc) 

d|x, 


where  p  is  the  density  of  the  system;  c^  is  the  concentration  of  the  component  per  unit 

Therefore  for  isobasic  and  isothernYil  conditions  the  coefficient  of  concentrational 
the  conductivity  of  chemical  potentlal-^^ —  . 

dMi 


(14) 


mass. 

diffusion  D  is  equal  to 


Since  the  course  of  a  real  process  does  not  depend  on  the  method  of  Its  mathematical  description,  while 
diffuslonal  and  heat  conduction  processes  are  analogous  in  nature,  then,  in  general.  Equations  (1),  (3)  and  (2), 
(4)  may  be  formally  regarded  as  reciprocal  analogs.  However,  this  can  apply  only  to  analogy  in  the  form  of 
description,  i.e.,  in  complete  analogy  the  conventional  character  of  which  is  revealed  by  Equation  (14). 

In  illustration,  we  present  below  the  values  of  the  kinetic  coefficients  in  question,  and  certain  relation¬ 
ships  calculated  in  investigations  of  extraction  processes  for  aqueous  sucrose  solution. 


A 


Fig.  1.  Variation  of  the  chemical  potential  of  the 
component  with  concenuation  in  aqueous  sucrose 
solution:  A)  chemical  potential  of  solvent  (kg *10/ 
kg),  B)  component  concentrations  in  fractions  of 
total  mass  (kg/ kg);  1)  pi  =f  1(02),  t=20';  2) 
pi  ”  f  1  “  60  ;  3)  pi  ~  /sf^l)*  t  =  20  ; 

4)  pi  =  /^(ci),  t  =  60'. 


Variations  of  the  chemical  potential  of  the  solvent 
with  the  component  concentrations  Cj  and  C2  are  plotted 
in  Fig.  1.  The  values  of  chemical  potential  were  cal¬ 
culated  from  osmotic  pressure  data  and  verified  against 
activities  [7,  8].  Experimental  data  of  a  number  of  workers 
on  osmotic  pressure  [9-12],  density  [13]  and  partial  vapor 
pressure  [  14]  were  used.  The  data  covered  both  the  region 
of  low  concentrations  characterized  by  the  van’t  Hoff  [14] 
and  Einstein  [15]  equations  and  the  region  of  high  con¬ 
centrations,  where  deviations  from  these  equations  are 
observed.  It  follows  from  Fig.  1  that  the  absolute  value 
of  the  chemical  potential  of  the  solvent  Increases  with 
Increase  of  sucrose  concentration. 

Variations  of  the  coefficient  of  inertia  of  the  solu¬ 
tion  with  the  concentrations  of  the  components  are  rep¬ 
resented  by  the  curves  in  Fig.  2.  This  relationship  was 
derived  by  graphical  differentiation  of  the  curves  for 
variation  of  chemical  potential  (Fig.  1). 

Fig.  3  represents  the  dependence  of  the  coefficient 
of  diffusion  on  sucrose  concentration  based  on  Oholm's 
experimental  data  [16].  This  relationship  can  be  assumed 
linear  with  sufficient  accuracy.  Thus,  at  20'  a  solution 
with  sucrose  concentration  C2  =  0.16  kg/ kg  has  diffusion 
coefficient  D  =  0.411  *  lO"*  cm^second,  and  a  solution 
with  concentration  C2=  0.544  kg/ kg  has  D  =  0.318  •  10’® 
cm^/ second. 


Variations  of  the  coefficient  of  mass  conductance  (mass  conductivity)  with  solvent  concenuation  are  plotted 
In  Fig.  4.  It  is  noteworthy  that  the  coefficient  of  mass  conductance  changes  more  steeply  than  the  coefficient  of 
diffusion  with  increasing  concenuation  of  sucrose  solutions.  Thus,  at  t  =  20' ,  for  a  change  of  sucrose  concentration 
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A 


Fig,  2.  Variation  of  inertia  coefficient  with 
concentration  in  aqueous  sucrose  solutions; 

0Ci  3 

A)  Inertia  coefficient  (abs.  value)  — *-10 

a  fii 

(in  kg/kg-m):  B)  component  concentrations, 

fractions  of  total  mass  (kg/ kg);  1)  = 

dm 


~  <Pl  (^2).  t  “  20’  ;  2) 


ac2 

Ojii 


-  </>2  (C2)t 


t=  60*;  3)^  =  </»3(Ci),  t=  20";  4}^^ 

dpi  dm 

~  <p4(ci)>  t  =  60". 


in  the  range  of  0. 1 
1.85 


0.5  kg/ kg, changes  in  the  range  of 

.-6  _ kg 


10' 


whereas 


in  hr  -  kg  -m/kg 
the  diffusion  coefficient  decreases  only  from  0.42  •  10*® 
to  0.325*  10"®  cmVsecond.  The  Inertia  properties  of  the 
system  evidently  have  an  appreciable  Influence  here. 


The  results  of  experimental  investigations  of 
chemical  engineering  processes  are  often  represented  In 
the  form  of  criterlal  equations  1 17-20],  as  this  has  a 
number  of  considerable  advantages  over  other  methods. 

The  similarity  theory,  as  a  method  for  analysis  of  ex¬ 
perimental  data  was  developed  primarily  in  its  applica¬ 
tions  to  hydrodynamical  and  thermal  processes.  The 
principal  criteria  of  diffuslonal  similarity  were  derived 
mainly  by  analogy  with  criteria  of  thermal  similarity. 

For  example,  simultaneous  consideration  of  equations  of 
concentratlonal  diffusion  in  liquids  and  mass  transfer  at 
solid  boundaries  led  to  derivation  of  the  diffusional  criteria 
Nu’.  Bi'.  KI’,  Pe',  Pr’  (Sc).  Fo’  and  others,  which  are 
regarded  as  the  complete  analogs  of  the  corresponding 
thermal  criteria. 


This  viewpoint  arose  from  an  acceptance  of  the 
complete  analogy  between  the  concentratlonal  diffusion 
and  heat  conduction  equations.  It  was  shown  above  that 
such  a  complete  analogy  is  not  valid  [21].  This  can  be 
illustrated  by  means  of  similarity  criteria. 

The  Nusselt  and  Prandtl  criteria  for  thermal 
similarity  are: 

Nu  =  -^,  (15) 


0.9 
0.3  \- 
O.Z 


B 


Q.Z  0.9 
Fig.  3.  Variation  of  diffusion  coefficient 
with  concentration  in  aqueous  sucrose 
solution  at  t  =  20";  A)  diffusion  coef- 


/V  =  ~.  (16) 

The  Nusselt  and  Prandtl  criteria  for  diffusional 
similarity  are  of  the  form: 


Nh'  == 

\U 

L)  » 

(17) 

Pr'  = 

V 

7f  • 

(18) 

ficient  D*10®  (cm*/ second),  B)  sucrose 
concentration  in  fractions  of  total  mass 
(kg/ kg). 


If  we  compare  Equation  (15)  with  (17),  and  (16) 
with  (18),  we  see  in  the  first  case  an  analogy  in  the 
denominator  between  the  coefficient  of  heat  conductivity 
X.  and  the  diffusion  coefficient  D;  and  In  the  second, 
between  the  coefficient  of  temperature  conductivity  a 
and  the  same  diffusion  coefficient  D.  The  imperfection  of  this  analogy  was  already  discussed  earlier.  Since,  in 
the  Nu*  criterion,  D  Is  not  the  complete  analogy  of  \  ,  here  B  cannot  be  the  complete  analogy  of  a.  This 
which  follows  from  dimensional  analysis,  is  in  good  agreement  with  the  physical  meaning  of  a  and  8. 


To  obtain  criteria  of  diffusional  similarity  as  the  complete  analogs  of  the  corresponding  criteria  of  thermal 
similarity,  the  corresponding  differential  equations  must  be  considered  simultaneously.  For  example,  by  such 
transformation  of  the  boundary  —  condition  equation 
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(19) 


A 


Fig,  4.  Variation  of  the  coefficient 
of  mass  conductivity  (mass  con¬ 
ductance)  with  concentration  in 
aqueous  sucrose  solutions:  A)  coef¬ 
ficient  of  mass  conductivity  L 

.  10®  ( - - 

\  m'houT'  kg-m/kg 

sucrose  concentration  (in  kg/kg>. 

1)  at  t  =  20*,  2)  at  t=  60*. 


—L^  grad  |Xj  = 
and  the  differential  equation 


dz 


=  «/)VV, 


the  following  criteria  may  be  obtained: 


Nnn  = 


aj 


Diff - 

Pej,= 

Fo„  == 


L* 

pi 

’ 

I't  • 


Combining  the  criteria  Re  and  Pep,  we  have: 

Pen 

- We  H  ' 


(12b) 


(20) 

(21) 

(22) 

(23) 


(24) 


where  ap  is  the  mass-transfer  coefficient,  Lji  is  the  coefficient  of  mass  conductivity,  and 
is  the  coefficient  of  conductivity  of  chemical  potential. 


The  resulting  diffuslonal  criteria  Nup,  Bip,  Pep  and  others  are  the  true  (complete)  analogs  of  the  cor¬ 
responding  criteria  of  thermal  similarity.  The  quantities  contained  in  them  are  reciprocally  analogous;  for 
example,  the  mass-uansfer  coefficient  ap  is  analogous  to  the  heat-transfer  coefficient  a,  the  coefficient 
of  mass  conductivity  Lfj  to  the  coefficient  of  thermal  conductivity  Xt  ^nd  the  coefficient  of  conductivity  of 
chemical  potential  a^^  to  the  coefficient  of  temperature  conductivity  a. 

In  conclusion  we  must  point  out  that  the  kinetic  coefficients  discussed  above  are  directly  connected  with 
the  phenomenological  coefficients  of  the  thermodynamics  theory  of  irreversible  processes.  It  is  therefore 
permissible  to  use  the  Onsager  reciprocity  equations  in  investigations  of  interconnected  processes  of  heat  and 
mass  transfer. 


SUMMARY 

1,  The  classical  equations  for  concentrational  diffusion  cannot  be  regarded  as  the  complete  analogs  of 
the  corresponding  equations  for  heat  conduction.  This  result  in  no  way  invalidates  the  diffusion  equations. 

2,  The  coefficient  of  diffusion  represents  the  rate  of  propagation  of  concentration  in  space  (material 
medium).  By  its  physical  meaning  it  may  be  termed  the  coefficient  of  concentration  conductivity  of  the  system. 
In  isothermal  diffusion, this  coefficient  is  numerically  equal  to  the  coefficient  of  conductivity  of  chemical 
potential. 

3.  The  diffusion  coefficient  D  takes  into  account  both  the  Inertia  and  the  mass -transfer  properties  of  a 
system;  it  can  with  sufficient  accuracy  be  regarded  as  reduced  analog  of  the  coefficient  of  temperature  con¬ 
ductivity  £  but  not  of  heat  conductivity  This  result  quantitatively  confirms  the  corresponding  point  in 
Lykov’s  theory  [5]. 

4.  Numerical  values  of  the  coefficients  of  mass  conductivity  and  inertia  have  been  found  for  aqueous 
solutions  of  sucrose  and  certain  other  substances;  these  coefficients  are  shown  to  be  dependent  on  concentration. 
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5.  The  criteria  of  diffuslonal  similarity  derived  from  the  concentratlonal  diffusion  equation  are  not  the 
true  (complete)  analogs  of  the  corresponding  criteria  of  thermal  similarity,  but  the  former  may  be  regarded  as 
the  reduced  analogs  of  the  latter.  A  special  position  Is  occupied  by  criteria  derived  from  boundary  conditions, 

g  f 

of  the  type  of  Nu*.  BI' ,  KI’.  It  is  shown  why,  for  example.  In  the  criterion  Bi’  = — ^  the  coefficient  8  is  not 
the  complete  analog  of  a,  and  the  coefficient  D  is  not  the  analog  of 

Quantitatively  this  conclusion  is  consistent  with  the  results  of  dimensional  analysis. 

6.  In  most  calculations  such  criteria  as  Nu*  and  Ki'  are  the  determined  criteria  and  therefore  the  values 
of  the  reduced  and  true  similarity  criteria  are  equal.  In  the  general  case,  the  Incomplete  analogs  may  differ 
numerically  from  true  analogs.  This  difference  Is  determined  by  the  dependence  of  the  chemical  potential  of 
a  component  on  Its  concentration. 

As  the  methods  of  thermodynamics  of  irreversible  processes  were  used,  the  foregoing  results  have  a  strict 
scientific  basis  and  fairly  general  significance. 
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BUBBLING  OF  AIR  THROUGH  A  LAYER  OF  VISCOUS  LIQUID 


I.  P.  Levsh  and  O.  B,  Balandina 

Chair  of  Chemical  Engineering  Processes  and  Equipment,  the  Polytechnic  Institute 
of  Central  Asia 


Determinations  of  hydraulic  resistances  during  bubbling  are  a  necessary  stage  in  hydraulic  calculations 
relating  to  fractionating  columns,  bubbling  absorbers,  gas  scrubbers,  stills,  and  other  equipment  in  the  chemical 
and  food  industries. 

The  hydrodynamics  of  bubbling  equipment  has  been  studied  by  Stabnikov  [1,2],  Ramm  [3],  Zhavoronkov 
and  Farmer [4], Usyukin  and  Aksel’rod  [5],  AkseTrod  and  DiTman,  [6-9],  Pozin,  Mukhlenov,  Tumarkina,  and 
Tarat  [10],  Aerov  and  Darovskikh  [11],  and  other  workers.  Their  experiments  were  concerned  with  the  operation 
of  rectification  columns  or  foam  apparatus,  generally  with  liquid  layers  not  more  than  5  cm  high.  Bubbling  was 
studied  in  the  systems  water-steam  [1,2],  dilute  salt  solutions— air  [10],  water-air  [10,7],  ethyl  alcohol-air  [7], 
water-nitrogen  [9],  liquid  air-air  [5],  organic  solvents-air  [9],  and  other  systems,  usually  with  liquid  phases  of 
low  viscosity.  Because  of  this,  the  due  significance  was  not  attached  to  the  influence  of  viscosity  on  hydraulic 
resistance  in  bubbling,  and  a  number  of  workers  disregarded  viscosity  entirely  in  hydrodynamic  calculations  of 
the  bubbling  process.  Hardly  any  information  is  available  on  bubbling  in  viscous  liquids  in  layers  of  large  height. 

In  this  paper  we  consider  the  bubbling  of  air  through  aqueous  glycerol  solutions  of  viscosity  from  1  to  80 
centipoises,  in  layers  from  0,3  to  70  cm  high  in  a  laboratory  column,  and  derive  equations  for  calculation  of 
hydraulic  resistance  in  bubbling  with  liquid  viscosity  taken  into  account. 

Glycerol  solutions  were  chosen  for  the  experiments  because  their  viscosities  vary  over  a  wide  range  with 
slight  differences  of  surfaces  tension  o  and  density  • 

Scheme  of  the  Process 

When  the  gas  is  fed  at  a  sufficient  velocity  into  a  bubbler  within  the  liquid,  a  gaseous  emulsion  consisting 
of  ascending  gas  bubbles  in  the  liquid  is  formed.  The  hydraulic  resistance  which  the  gas  layer  must  then  over¬ 
come  depends  on  the  hydrostatic  pressure  of  the  column  of  gaseous  emulsion  and  the  hydrodynamic  resistances 
which  arise  when  the  gas  moves  through  the  layer. 

The  hydrostatic  pressure  is  determined  by  the  density  of  the  emulsion,  which  depends  on  the  extent  of 
saturation  of  the  liquid  by  the  gas.  Saturation  of  the  liquid  with  gas  lowers  the  density  of  the  emulsion  and  so 
reduces  the  hydrostatic  pressure.  However,  for  greater  saturation  it  is  necessary  to  increase  the  gas  feed  rate, and 
this  inevitably  leads  to  increase  of  the  hydrodynamic  resistance.  Thus,  the  hydrostatic  pressure  and  hydrodynamic 
resistance  in  bubbling  are  interconnected:  increase  of  hydrostatic  pressure  must  lead  to  decrease  of  hydrodynamic 
resistance.  Both  factors  are  functions  of  the  liquid  viscosity  ^  (kg/  second -m?)  and  gas  rate  V  (m*/ second), 
provided  that  the  height  H  of  the  liquid  layer  (m),  density  of  the  liquid  (kg  /  m*),  density  of  the  gas  y^J^kg/  m®), 
diameter  of  the  bubbler  column  ^(m),  liquid  volume  Vl  in  the  column  (m*),  and  surface  tension  o(kg/  m)  are 
all  constant. 

Consideration  of  the  effect  of  viscosity  on  the  bubbling  process  at  constant  gas  rate  shows  that  increase  of 
the  liquid  viscosity  leads  to  increase  of  hydrodynamic  resistance,  decrease  of  the  density  of  the  gaseous  emulsion, 
and  changes  in  the  bubbling  conditions.  The  increase  of  hydrodynamic  resistance  with  viscosity  follows  from  the 
hydrodynamic  equation. 
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(1) 


/ 


where  ^  Pg  is  the  hydrodynamic  resistance  (kg/ m*),  X  is  the  coefficient  of  triction,  I  is  the  path  of  the 
gas  (m),  d  is  the  diameter  of  a  bubble  or  gas  stream  (m),  w  Is  the  velocity  of  the  gas  (m/ second),  and  g^is 
the  gravitational  acceleration  (m/  sec*).  It  is  known  that  X  =  (Re), where  Re  is  the  Reynolds  number.Consequently, 

provided  that  all  the  other  quantities  are  constant,  X  =  </>  (p)  and  Apg  =  </>(p).  The  change  in  the  density  of 
the  gaseous  emulsion  with  the  viscosity  of  the  liquid  is  associated  with  an  Increase  in  the  diameter  of  the  as¬ 
cending  bubbles.  For  determination  of  bubble  diameter  as  a  function  of  viscosity  we  assume  that  bubbling  occurs 
under  transitional  conditions,  and  perform  the  calculations  by  means  of  the  generalized  equation  derived  by 
Zrelov  [12] 


w  = 


Y n  .  .  (p^  _  p)  .  g 

V  ij  ’  kn  •  .  p 


C2) 


where  ^  is  the  bubble  diameter  (m),  pj  and  p  are  the  densities  of  the  liquid  and  gas  respectively 

kn  and  n  are  coefficients  which  depend  on  the  regime  of  bubble  motion,  and  v  is  the  coefficient  of  kine¬ 
matic  viscosity  (mV second). 

10  • 

For  the  transitional  regime  at  Re  =  25-350,  according  to  Zrelov’s  data  [12],  Kn  = - —  =3.92,  n  =  1.5. 

O 

Equation  (2)  then  becomes 


kg  •  sec*\ 


w 


y/u  •  .  (p^  -  p)  .  g 

r  6 . 3.92  -  .  p 


(3) 


It  follows  from  the  experimental  data  of  a  number  of  workers,  cited  by  Ramm  [3],  that  the  rate  of  ascent 
of  gas  bubbles  of  d  >  6  mm  increases  only  slightly  with  increase  of  diameter,  and  is  about  0.25  m/  second. 
Therefore  it  may  be  assumed  approximately  that  w  is  constant.  From  the  foregoing, it  follows  that  Pj  =  const 
and  p  =  const,  and  then 

d  =  A'  •  '{/v  ,  (4) 

Where  K  is  a  numerical  coefficient  which  incorporates  all  the  constant  quantities;  tr ,  Pj,  p,  g,and  others.  For 
different  diameters  dj,  d2  and  different  viscosities  Pj,  Pj  we  can  write 

^2  =  •  '5'^ P2- 

But  if  follows  from  the  foregoing  that  Kj  Kj,  and  then 

^ 

“  K  Fi' 


(5) 

(6) 

(V 


With  a  fixed  value  d  =  1  cm  at  pj  =  1  centipoise,  we  find  the  bubble  diameters  at  p  j  =  10  centipoises,  pj  =  20 
centipoises,  etc.  Bubble  diameters  at  different  viscosities,  calculated  from  Equation  (7),  are  given  below. 


Viscosity  (centipoises) .  1  10  20  30  40  50  60  70 

Bubble  diameter  (cm) .  1  2.16  2.72  3.11  3.43  3.69  3.91  4.13 


The  Reynolds  number  in  motion  of  bubbles  of  the  above  diameters  is  in  the  range  of  150-250,  which 
corresponds  to  stage  III  of  the  transitional  flow  regime. 

The  above  calculation  is  approximate,  since  in  bubbling  even  in  the  most  viscous  of  liquids  it  is  not  single 
bubbles  that  move,  but  a  whole  series  of  bubbles  ascend  at  definite  distances  apart.  However,  the  calculation 
demonstrates  the  increase  of  bubble  diameter  with  increase  of  the  liquid  viscosity,  which  can  be  easily  observed 
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Fig,  1.  Bubbling  of  gas 
in  liquid  of  low 
viscosity. 


Fig.  2.  Bubbling  of  gas 
in  a  liquid  of  high 
viscosity. 


experimentally;  the  actual  increase  of  bubble  size  is  greater  than  indicated  by  calcu¬ 
lations  with  the  aid  of  Equation  (7). 

Alteration  of  the  bubbling  regime  with  increase  of  viscosity  is  associated  with 
expenditure  of  the  kinetic  energy  of  the  gas  stream  in  overcoming  hydrodynamic 
resistance.  Suppose  that  in  the  original  liquid  of  low  viscosity  we  have  streaming 
motion  of  the  gas,  with  a  well-defined  bubble  stream  as  shown  in  Fig.  1.  The  hydro- 
dynamic  resistance  in  this  case  depends  on  the  liquid  viscosity,  and  therefore  with  in¬ 
crease  of  the  latter,  at  constant  gas  rate,  the  gas  velocity  decreases,  the  cross  section 
of  the  gas  stream  increases,  individual  small  streams  in  it  coalesce,  and  the  whole 
stream  begins  to  disintegrate  into  gas  bubbles. 

The  higher  the  liquid  viscosity,  the  smaller  the  stream  becomes,  and  at  a  suf¬ 
ficiently  high  viscosity  it  should  disappear  entirely,  and  become  converted  into  large 
bubbles  (Fig  2).  Therefore, the  flow  of  gas  should  pass  from  streaming  to  bubbling  with 
increase  of  liquid  viscosity;  this  is  fully  confirmed  by  our  experiments. 

Alterations  of  the  gas  rate  cause  changes  in  the  hydrodynamic  resistance,  density 
of  the  gaseous  emulsion,  and  the  bubbling  regime.  The  density  of  the  emulsion  depends 
on  the  degree  of  saturation  of  the  liquid  by  the  gas;  this  increases  with  increase  of  gas 
rate.  The  increase  of  hydrodynamic  resistance  is  the  consequence  of  the  increased 
velocity  of  the  gas  stream  in  the  medium.  At  constant  viscosity  the  gas  flow  passes 
from  streaming  to  bubbling  with  decrease  of  gas  rate,  and  conversely.  It  follows  that 
changes  of  the  gas  rate  should  have  an  appreciable  influence  on  the  hydrodynamics  of 
the  process. 

This  bubbling  scheme  is  characterized  by  two  extreme  cases:  bubbling  in  a 
liquid  of  low  viscosity,  with  a  well-defined  gas  stream,  and  bubbling  in  a  liquid  of 
high  viscosity,  with  almost  complete  breakdown  of  the  stream  and  formation  of  separate 
large  bubbles  of  gas. 

It  follows  from  the  foregoing  that  increase  of  liquid  viscosity  leads  to  two  oppos¬ 
ing  effects:  the  hydraulic  resistance  to  the  motion  of  the  gas  through  the  liquid  in¬ 
creases,  and  the  hydrostatic  pressure  of  the  column  of  gaseous  emulsion  on  the  bubbler 
decredses  because  of  the  decrease  in  the  density  of  the  emulsion.  The  total  hydraulic 
resistance  in  bubbling  may  either  increase  or  decrease  with  increase  of  viscosity;  this 
depends  on  which  of  the  above  factors  is  predominant.  The  influence  of  viscosity  be¬ 
comes  more  pronounced  with  increasing  thickness  of  the  liquid  layer;  this  follows  from 
the  very  nature  of  these  forces,  the  absolute  value  of  which  increases  with  increase  of  the 
surface  area  and  path  along  which  they  act.  At  small  depths  of  the  liquid  layer  the  in¬ 
fluence  of  viscosity  is  inappreciable. 

The  suggested  bubbling  scheme  gives  an  indication  of  some  methods  for  deriving 
equations  for  calculating  hydraulic  resistance  in  bubbling  devices. 


We  take  as  the  general  formula 


A/>  =  A;?!  -f  Ap2  +  A/>3. 


(8) 


where;  Ap  is  the  hydraulic  resistance  of  the  bubbling  device  (kg/m*);  Ap^  is  the  hydraulic  resistance  of  the 
dry  bubbler  grid  (kgAn*);  Apj  is  the  resistance  due  to  forces  of  surface  tension  (kg^m^;  Apj  is  the  resistance  of 
the  liquid  layer  (kg/hi*). 

The  value  of  Apj  is  found  from  the  usual  equation  for  calculating  any  kind  of  local  resistance  [10,  13]. 
From  the  nature  of  the  surface  tension  forces  it  follows  that 


Ap2  =  ?(o,  n), 

where  o  is  the  surface  tension  (kg/m);  n  is  the  wetted  perimeter  of  the  grid  (m). 


(9) 
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With  the  aid  of  the  theory  of  dimensions  we  have  for  the  functional  relationship  of  Equation  (9) 

(10) 

where  A  is  a  dimensionless  coefficient. 

Equation  (10)  has  been  confirmed  by  a  number  of  authors  [6,10]. 

For  determination  of  Apj  we  use  the  equation 

=  -1-  c).  (11) 

where  k  is  a  dimensionless  coefficient  which  takes  into  account  tbe  influence  of  viscosity  on  the  hydrodynamic 
resistance  of  the  layer  of  medium,  and  c  is  a  dimensionless  quantity  which  accounts  for  the  influence  of  satura¬ 
tion  of  the  liquid  with  gas. 

As  a  measure  of  the  quantity  n  of  the  bubbled  gas  we  take 

^1.  /sec  rr?  \  (12) 

^sec  '  m*  /  ’ 


where  Vl  is  the  volume  of  liquid  on  the  surface  F  of  the  bubbler  grid 

V^=H‘F.  (13) 

It  may  be  assumed  that 


c  =  /i 


(14) 


where  n  is  the  quantity  of  the  bubbled  gas,  n^  is  the  initial  quantity  of  gas,  B  is  a  proportionality  factor, and 
kj  is  an  experimental  coefficient. 


In  determination  of  the  value  of  the  coefficient  l^,it  must  be  taken  into  account  that,in  bubbling, the  in¬ 
fluence  of  viscosity  on  the  value  of  Apj  is  continuously  interrelated  with  the  quantity  of  the  bubbled  gas  n . 

On  the  basis  of  the  physical  nature  of  the  bubbling  process  we  may  write  the  funtional  relationship 


/c  =  <p(n,  g,  D,  d),  (15) 

where  v  is  the  coefficient  of  kinematic  viscosity  of  the  liquid  (m* /second). 

Equation  (15)  is  written  in  the  form  of  a  power  equation 


Substitution  of  dimensions  gives 


ft  =  /I  .  n“  •  v*» .  gc  .  £)•  .  d'". 


(16) 


0=Uecl"-[,^] 


Id'  •  Iml' 


(17) 


and  hence 

0  =  sec  .  .  iy]26+f +«+m  ^ 

3  C 

We  assume  that  e  =  0  and  m  =  0.  Then  a  =  —  c;  b  =  —  —.  To  determine  the  relationship  between  e 
we  take  a  =  0;  b  =  0;  c  =  0,  then  e  =— m. 

Finally  we  have 


(18) 
and  m 


ft  =  ^  • 


We  now  introduce  the  quantity 
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n  -  Vi  L  sec  J 

which  we  term  the  specific  gas  rate.  Equation  (19)  is  rewritten  in  the  form 


(20) 


0.5  .  0.6 

where  ^^4 — °  ^  04 —  =  ^14'~^'6  J'  -  dimensionless  quantity  which  we  term  the  Reynolds  bubbling 

D 

number.  ^  =  F  is  the  criterion  of  geometrical  similarity. 

To  prove  that  Rejj  is  analogous  to  Re  in  respect  of  the  physical  quantities  represented  in  it,  we  find  the  value  of  m 


sec, _ r  _ ^ 

H 


(21) 


where  Wq  is  the  velocity  of  the  gas  calculated  for  the  total  area  of  the  bubbler  grid  (in  m/second). 
Substituion  of  this  value  of  m  gives 


Re, 


g‘H 


1.5 


1.6  .0.6 


b  u; 

W  •  I 


(22) 


•,  where/  is  the  determined  dimension  of  flow, 


comparing  the  expression  for  Reb  with  the  usual  Re  =  ^ 

we  note  that  H  is  the  determining  dimension  in  bubbling,  and  the  presence  of  ^  in  the  expression  is  the  con¬ 
sequence  of  free  ascent  of  the  gas  bubbles.  Therefore  Rejj  is  to  some  extent  analogous  to  Re. 

Substitution  of  the  value  found  for  1^  and£  into  Equation  (11)  and  simple  rearrangement  gives 


(23) 


where  —  =  E  ,  a  dimensionless  quantity  which  is  a  peculiar  measure  of  hydrodynamic  disturbance  in  bubbling. 
Finally  we  obtain  an  equation  in  criterial  form 

(24) 

which  is  valid  when  increase  of  liquid  viscosity  lowers  the  hydraulic  resistance  Ap,  of  the  layer. 

We  now  find  an  equation  which  is  valid  when  increase  of  the  liquid  viscosity  increases  hydraulic  resistance 

c  3 

in  bubbling.  Here  we  note  that  b=—  -ij,  a  =  and  hence  c  =  —  2b,  a  =  —  3b. 

Substitution  of  these  coefficients  into  Equation  (16)  gives 

(v  •  m3  \*  (D\* 


(25) 


In  Equation  (25) 


Hence  the  general  form  of  Equation  (11)  is 


(26) 
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Equation  (26)  is  valid  when  increase  of  the  liquid  viscosity  increases  hydraulic  resistance  of  the  layer  in 
bubbling. 


EXPERIMENTAL 

The  objects  of  the  experimental  part  of  this  work  were  to  eludicate  the  physical  picture  of  the  bubbling 
process  and  to  verify  the  derived  equations. 


Ait  was  bubbled  through  the  glycerol  layer  in  a  glass  column  1,  6  cm  in  diameter  and  110  cm  high  (Fig. 3). 
Air  was  fed  into  the  column  from  a  rotary  blower  2  through  a  buffer  vessel  3,  15  liters  in  capacity,  fitted  with  an 
exhaust  valve  4  for  regulation  of  the  air  supply.  From  the  buffer  vessel.the  air  passed  through  a  gas  meter  5  into 
another  buffer  vessel  6,  and  then  entered  the  liquid  layer  through  the  flat  bubbler  grid  7.  The  hydraulic  resistance 
Ap  of  the  bubbler  device  was  measured  by  means  of  the  manometer  8. 

The  bubbler  grid  was  made  from  a  flat  nickel  plate  2.1  cm  in  diameter  and  0.14  cm  thick.  19  orifices, 

0.13  cm  in  diameter,  were  arranged  in  concentric  circles.  The  experiments  were  performed  with  glycerol 
solutions  of  volume  concentrations  100,  90,  80,  60,  40,  20%,  and  corresponding  viscosities  of  80,  30,  10,  5, 

2.5,  1.7  centipoises,  with  pure  water,  and  with  aqueous  thiosulfate  solution.  The  height  of  the  liquid  layer  in 
the  bubbling  column  was  0.3,  5,  15,  20,  50  and  70  cm.  The  air  velocity  w  in  the  openings  of  the  bubbler 
grid  was  varied  from  2  to  16  m/  second.  The  density  of  the  glycerol  solutions  was  determined  pycnometrically. 
Solution  viscosity  was  determined  with  the  Ostwald  viscosimeter.  The  values  for  the  surface  tension  o  of  the 
glycerol  solutions,  found  by  measurement  of  the  maximum  bubble  pressure  in  the  Rebinder  apparatus,  are  given 
below. 

Concentration  of  glycerol  solutions  (vol.  %)  Water  20  40  60  80  90  100 

Surface  tension  (dynes/cm) .  73.05  70.50  68.91  68.01  67,41  69.32  70.03 


The  experiments  were  performed  in  the  following  sequence:  first  the  hydraulic  resistance  of  the  bubbler 
with  a  wetted  grid  was  found,  then  the  resistance  of  a  liquid  layer  0.3  cm  was  determined,  followed  by  deter¬ 
minations  at  5,  10  cm  up  to  the  maximum  depth  of  70  cm.  The  resistances  of  layers  of  different  heights  were 
determined  for  each  solution  viscosity  at  air  velocities  of  2,  4,  6,  8,  10,  12,  14,  16  m/ second.  A  series  of  ex¬ 
periments  was  then  performed  with  glycerol  of  a  higher  concentration. 

The  experimental  results  were  used  for  plotting  curves  for  the  pressure  drop  in  the  whole  bubbling  appara 
tus  (Ap)  as  a  function  of  viscosity,  a  few  of  which  are  shown  in  Fig.  4,  and  curves  for  the  variation  of  the  hy¬ 
draulic  resistance  of  the  liquid  layer  during  bubbling  (Apj)  with  the  air  velocity  (w)  in  the  openings  of  the 
bubbler  grid,  given  in  Fig.  5  and  6.  The  calculated  values  of  the  hydraulic  resistance  of  the  liquid  layer  Apj 
are  given  in  Tables  1  and  2. 
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TABLE  1 

Hydraulic  Resistance  of  Liquid  Layers  of  Viscosity  l'  =  1-10  Centipoises  Calculated 
from  Equation  (28)  and  Found  Experimentally.  At  p  =  1  centlpoise  yL=  1000  kg/ 
m*,  at  p  =10  centipoises  y  ^  =  1200  kg/m* 


(centi¬ 

poises) 

w 

(m/sec 

H(m) 

tH 

t) 

u 

¥ 

«> 

v 

%n 

n 

o 

UQ 

a: 

Apj  cal¬ 
culated^ 

(kg/ m*) 

• 

c 

>£ 

•3° 

oe:  4} 

K 

1 

4 

0.7 

0.40 

36500 

0.073 

0.40 

760 

690 

-fll 

0.98 

1 

6 

0.7 

0.62 

19850 

0.084 

0.35 

695 

680 

-f  1 

0.98 

i 

10 

0.7 

1.04 

9250 

0.104 

0.29 

640 

620 

4-  3 

0.89 

iO 

4 

0.7 

0.42 

12700 

0.093 

0.40 

950 

840 

+13 

1.00 

10 

6 

0.7 

0.62 

6870 

0.110 

0.96 

890 

860 

+  4 

1.02 

10 

10 

0.7 

1.04 

3220 

0.134 

0.29 

795 

870 

—  7 

1.04 

1 

4 

0.5 

0.59 

21100 

0.082 

0.36 

505 

500 

4-  0.5 

1.00 

1 

8 

0.5 

1.18 

7670 

0.108 

0.28 

449 

520 

-14 

1.04 

1 

12 

0.5 

1.77 

4210 

0.123 

0.25 

426 

4.55 

—  6 

0.91 

10 

4 

0.5 

0.59 

7340 

0.108 

0.25 

426 

455 

—  6 

0.91 

10 

8 

0.5 

1.18 

2660 

0.139 

0.36 

645 

610 

+  7 

1.02 

10 

12 

0.5 

1.77 

1450 

0.164 

0.28 

584 

600 

-  3 

1.00 

1 

4 

0.2 

1.45 

5560 

0.116 

0.26 

174 

180 

—  3 

0.90 

1 

6 

0.2 

2.20 

3020 

0.135 

0.23 

168 

190 

-11 

0.95 

1 

12 

0.2 

4.40 

1070 

0.175 

0.18 

164 

170 

—  3 

0.85 

10 

4 

0.2 

1.45 

1940 

0.151 

0.26 

229 

230 

—  0.5 

0.96, 

10 

6 

0.2 

2.20 

1040 

0.176 

0.23 

225 

240 

—  6 

1.00, 

10 

12 

0.2 

4.40 

368 

0.228 

0.18 

226 

210 

+  « 

0.87 

1 

4 

0.05 

5.90 

687 

0.127 

0.17 

45 

58 

-12 

1.15 

1 

8 

0.05 

11.30 

242 

0.260 

0.13 

45 

.50 

—10 

l.(X), 

10 

4 

0.05 

5.90 

236 

0.254 

0.17 

58 

75 

-22 

1.25 

10 

8 

0.05 

11.80 

84 

0.329 

0.13 

64 

70 

—  9 

1.17 

1 

8.1 

0.04 

37.50 

42 

0.390 

0.09 

44 

40 

+10 

1.10 

TABLE  2 

Hydraulic  Resistance  of  Liquid  Layers  of  Viscosity  p  =  10-70  Centipoises  Calculated 
from  Equation  (27)  and  Found  Experimentally 


(centi¬ 

poises) 

w(m/ 

sec  - 

ond) 

H(m) 

-y 

o 

u 

42. 

6 

xfi 

CM 

d-Q 

a; 

d 

E 

CM 

Ap3  cal¬ 
culated 
(kg/rrf) 

Ap,  ex¬ 
periment¬ 
al!  kg/ 
m^) 

Relative 

error(‘55>) 

70 

4 

0.7 

0.42 

4920 

8.37 

0.77 

792 

740 

+  7 

70 

6 

0.7 

0.62 

2640 

7.20 

0.84 

700 

710 

—  1 

70 

10 

0.7 

1.04 

1230 

5.92 

1.21 

624 

580 

+  « 

10 

4 

0.7 

0.42 

12710 

10.62 

0.77 

965 

840 

+  15 

10 

6 

0.7 

0.62 

6870 

9.10 

0.95 

887 

860 

+  1 

10 

8 

0.7 

0.93 

382(^ 

7.86 

1.16 

760 

860 

—12 

70 

4 

0.5 

0.59 

2720 

7.21 

0.93 

510 

490 

+  4 

70 

8 

0.5 

1.18 

1020 

5.65 

1.32 

435 

400 

+  9 

70 

10 

0.5 

1.45 

750 

5.21 

1.45 

415 

360 

+15 

70 

12 

0.5 

1.77 

560 

4.87 

1.59 

403 

340 

+17 

10 

4 

0.5 

0.59 

7350 

9.30 

0.93 

611 

610 

0 

10 

8 

0.5 

1.18 

2660 

7.20 

1.32 

516 

6(K) 

—14 

10 

10 

0.5 

1.45 

1940 

6.65 

1.45 

490 

540 

—  9 

10 

12 

0.5 

1.77 

1520 

6.25 

1..59 

474 

540 

-13 

70 

4 

0.2 

1.45 

750 

5.21 

1.44 

166 

140 

-flR 

71) 

6 

0.2 

2.20 

402 

4.50 

1.78 

159 

160: 

—  6 
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TABLE  2  (Confd) 


M 

(centl- 

poise) 

w(m/ 

sec) 

H  (m) 

t 

X) 

K 

«> 

1 .2  m  0.5 

Apj  cal¬ 
culated 
(kg/  m*) 

Aps  ex¬ 
periment¬ 
al  (kg/ 
m*) 

Relative 
error  (‘ifc) 

70* 

12 

0.2 

4.40 

141 

3.41 

2.52 

148 

no 

+34 

10 

4 

0.2 

1.45 

1940 

6.61 

1.44 

193 

220 

—  12 

10 

6 

0.2 

2.20 

1040 

.5.70 

1.78 

179 

210 

—15 

10 

12 

0.2 

4.40 

370 

4.40 

2.53 

166 

195 

—15 

70* 

4 

0.0.5 

5.90 

91 

4.50 

1.55 

37 

30 

4-23 

70* 

8 

0.05 

11.80 

32 

3.18 

1.85 

31 

30 

+  3 

70* 

12 

0.0.5 

17.70 

18 

2.62 

2.06 

28 

22 

4-28 

10* 

4 

0.05 

5.90 

240 

6.21 

1..55 

46 

70 

-33 

10* 

8 

0.05 

11.80 

84 

4.37 

1.85 

37 

50 

—26 

10* 

12 

0.05 

17.70 

46 

3.60 

2.06 

33 

25 

+31 

‘Calculated  with  A  =  0.1,  B  =  1.0,  kj  =  0.25,  c  =  0.33. 


A 


Fig.  4.  Variations  of  the  hydraulic 
resistance  of  the  whole  bubbling  ap¬ 
paratus  with  glycerol  viscosity  at 
w  =  10  m/ second:  A)  hydraulic 
resistance  Ap  (mm  H2O),  B)  vis¬ 
cosity  of  glycerol  (centipoises); height 
of  liquid  layer  (cm):  1)  70,  2)  60,  3) 
20,  4)  16,  5)  5,  6)  0.3. 


The  experimental  results  were  used  for  plotting  curves  for  the 
pressure  drop  in  the  whole  bubbling  apparatus  (Ap)  as  a  function  of 
viscosity,  a  few  of  which  are  shown  in  Fig.  4,  and  curves  for  the 
variation  of  the  hydraulic  resistance  of  the  liquid  layer  during  bubbling 
(Apj)  with  the  air  velocity  (w)  in  the  openings  of  the  bubbler  grid, 
given  in  Fig.  5  and  6.  The  calculated  values  of  the  hydraulic  resistance 
of  the  liquid  layer  Ap,  are  given  in  Tables  1  and  2. 

For  the  calculations  Equation  (24)  was  reduced  to  the  form 


/!ipa  =  A  •  /y  •  • 


(27) 


where  niQ  =  1  m^  •  sec  •  m*.  The  experimental  values  of  the  coef¬ 
ficients  in  Equation  (27)  are:  A  =  0.1,  B  =  1.2,  c  =  0.25,  kj  =  0.5. 

Equation  (26)  was  transformed  into  the  equation 


=  Ai-  II  . 


0.5  \ 

•  F  \ 

O  S  1 

l\g  • 

\  / 

4- 


(28) 


where  the  values  of  the  coefficients,  found  from  our  experimental 
results  are:  Aj  =  2.30,  b  =  Vg,  Bj  =  0.3*  kj  =  —  . 


DISCUSSION  OF  RESULTS 


The  bubbling  process  presented  the  following  picture.  The  passage  of  air  through  the  bubbler  was  not 
uniform  at  the  different  openings;  air  did  not  pass  at  all  through  some,  and  there  was  pulsating  air  flow  through 
others.  The  distribution  of  the  working  openings  over  the  bubbler  grid  area  was  random,  and  varied  with  time. 
The  nature  of  the  bubbling  at  a  constant  air  rate  depended  on  the  viscosity  of  the  liquid.  With  liquids  of  viscos  - 
ities  from  1  to  10  centipoises,  if  the  gas  rate  was  sufficient,  the  gas  penetrated  into  the  liquid  layer  in  a  swirling 
stream,  its  subsequent  course  followed  a  spiral,  and  a  layer  of  foam  was  formed  in  the  upper  part  of  the  bubbling 
column.  With  decrease  of  gas  rate  in  a  liquid  of  given  viscosity  the  spiral  became  more  distinct  and  its  pitch 
increased. 
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A 


Fig.  5.  Variations  of  hydraulic  resistance 
of  glycerol  solutions  with  viscosities  fi  = 
=  1-10  centipoises  with  the  air  velocity 
in  the  grid  openings:  A)  hydraulic  resist¬ 
ance  Apj  (in  mmH20),  B)  air  velocity 
w  in  the  bubbler  grid  openings  (m/ sec- 
ond>,  height  of  liquid  layer  (cm>.  I)  70, 
II)  50.  Ill)  20,  IV)  5;  viscosity  of 
glycerol  solutions  (centipoises):  1)  1,  2) 
2.5,  3)  5,  4)  10. 


A 


Fig.  6.  Variations  of  hydraulic  resistance 
of  glycerol  solutions  with  viscosities  fi  = 

=  10-70  centipoises  with  the  air  velocity 
in  the  grid  openings:  A)  hydraulic  resist¬ 
ance  of  layer  (mm  HjO),  B)  air  velocity 
w  in  the  bubbler  grid  openings(m /second); 
height  of  liquid  layer  H  (cm):  I)  70,  11)50, 
III)  20,  IV)  5;  viscosity  ^  of  the  glycerol 
solutions  (centipoises):  1)  10,  2)  30,  3)  50, 
4)  70. 


With  high-viscosity  liquids  of  =  60-80  centipoises,  the  streaming  form  of  the  gas  outflow  broke  down; 
near  the  exit  plane  of  the  gas  the  separate  streams  coalesced  into  large  bubbles  which  increased  in  size  with  in¬ 
creasing  viscosity  and  reached  6  cm  and  over  in  diameter  at  the  highest  viscosities. 

Thus,  the  visual  picture  of  the  bubbling  process  (Figs.  1  and  2)  itself  demonstrates  the  considerable  in¬ 
fluence  of  viscosity  on  the  process,  as  the  other  factors  —  surface  tension  o  and  liquid  density  Yi  ~  varied  little 
in  our  experiments. 

The  quantitative  influence  of  viscosity  on  hydraulic  resistance  in  bubbling  is  shown  by  Fig.  4,  where  the 
A  p— curves  have  well-defined  maxima  at  fi  =  5-10  centipoises.  This  maximum  is  appreciable  for  thick 
layers  and  almost  vanishes  for  layers  5  cm  and  less  in  thickness.  The  influence  of  viscosity  is  especially  clear 
from  Fig.  5  and  6,  where  it  is  also  seen  that  this  influence  becomes  increasingly  pronounced  with  increasing 
depth  of  liquid.  Increase  of  viscosity  from  1  to  10  centipoises  produces  a  1.2  to  1.3  fold  increase  in  the  hydraulic 
resistance  of  the  layer  (Apj)  (Fig.  5).  Further  increase  of  viscosity  from  10  to  70-80  centipoises,  on  the  contrary, 
reduces  the  hydraulic  resistance  1.3  to  1.5 -fold  (Fig.  6).  At  viscosities  from  60  to  70  centipoises,  the  value  of 
Apj  is  considerably  lower  than  the  hydrostatic  pressure  of  a  column  of  the  pure  liquid. 

These  effects  in  viscous  media  may  be  attributed  to  high  saturation  of  the  liquid  with  gas,  which  leads  to 
a  decrease  in  the  density  of  the  system  which  prevails  over  the  hydrodynamic  resistance  in  the  layer.  In  liquids 
of  low  viscosity,  where /i  =  1-10  centipoises,  the  degree  of  saturation  of  the  liquid  with  gas  is  lower,  hydrodynamic 
resistance  due  to  the  larger  gas  stream  prevails, and  this  causes  increase  of  the  hydraulic  resistance  of  the  layer 
(^Ps)  increase  of  viscosity. 

Comparison  of  values  of  Apg  calculated  from  Equation  (28)  and  found  experimentally  shows  (Table  1) 
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that  for  glycerol  solutions  with  viscosities  from  1  to  10  centipoises.the  calculated  values  of  Apj  deviate  from  the 
experimental  data  within  a  range  of  i  15 In  most  of  our  experiments  at  H>5  cm,  these  deviations  did  not 
exceed  ±7%.  With  liquid  layers  of  H  2:  5  cm  and  specific  air  rates  m  >  6  the  relative  error  in  the  calculations 
is  considerably  greater.  At  the  same  time,  analysis  of  Pozin’s  experimental  results  [10]  for  m  =  25-  100  and 
H  =  1-5  cm  showed  that  values  of  Apj  calculated  from  Equation  (28)  deviate  by  10-15%  from  the  experimental 
values.  It  follows  that  Equation  (28)  may  be  used  for  calculations  of  Apj  over  a  fairly  wide  range. 

Comparison  of  the  calculated  values  of  Apj  for  glycerol  solutions  of  M  =  10-70  centipoises  shows  (Table  2) 
that  the  relative  error  with  the  use  of  Equation  (27)  is  within  ±15%.  Here  the  relative  errors  were  determined 
for  solutions  of  p  =  20-70  centipoises  and  H  =  15-70  cm.  Deviations  from  the  experimental  values  increase  ap¬ 
preciably  with  decrease  of  viscosity  to  p  =10  centipoises.  Larger  deviations  between  the  calculated  and  experi¬ 
mental  values  of  Apj  are  observed  at  Re|,  >  400;  this  leads  to  the  tentative  conclusion  that  the  bubbling  regime 
changes  at  this  value  of  Rej^  .  Under  this  new  regime  more  satisfactory  agreement  between  experimental  and 
calculated  values  of  Apj  is  obtained  when  the  coefficients  in  Equation  (27)  have  the  values:  A  =  0.1,  B  =  0.1, 
k  =  0.25,  c  =  0.33,  but  even  here,  with  small  absolute  deviations  in  the  value  of  Apj,  the  relative  error  is  in  the 
range  of  ±30%;  this  may  be  due  to  the  influence  of  the  criterion  of  geometrical  similarity  (  F).  In  most  cases 
the  influence  of  the  criterion  of  geometrical  similarity  is  not  great;  this  is  confirmed,  in  particular,  by  the 
results  of  Aksel’rod  [9],  who  noted  that  the  geometrical  dimensions  of  an  absorber  have  no  appreciable  influence 
on  the  hydrodynamics  of  bubbling. 

It  must  also  be  taken  into  account  that  with  liquid  layers  of  H  <  5-10  cm  and  at  high  gas  rates  the  hydro- 
dynamic  resistance  in  bubbling  is  appreciably  influenced  by  the  foam,  the  resistance  of  which  must  be  correlated 
with  the  surface  tension  a  .  It  seems  likely  that  under  such  conditions,  i.e.,  in  presence  of  a  relatively  high 
resistance  of  the  foam  itself,  as  shown  by  Aksel'rod  [9],  it  is  necessary  to  introduce  the  ratio  into  the  equa¬ 
tion  for  calculation  of  Apj.  Our  calculated  and  experimental  data  show  that  for  layers  of  H  >  10  cm  the  in¬ 
fluence  of  o  may  be  disregarded,  especially  as  it  is  taken  into  account  in  determination  of  the  total  hy¬ 
draulic  resistance  of  the  entire  bubbling  device  in  the  form  of  the  quantity  Apj  ;  the  equations  (27)  and  (28)are 
suitable  for  such  calculations. 


SUMMARY 

1.  Bubbling  mechanism  in  liquids  of  viscosity  p  =  1-80  centipoises  with  layer  heights  H  >  10  cm  is 
discussed.  It  is  shown  that  the  viscosity  must  be  one  of  the  most  important  factors  determining  the  hydrodynamics 
of  bubbling,  especially  in  layers  of  considerable  thickness. 

2.  An  equation  for  determination  of  hydraulic  resistance  in  bubbling  is  derived  from  an  experimental 
fuctional  relationship  with  the  aid  of  the  theory  of  dimensions. 

■  3.  It  is  shown  experimentally  that  the  bubbling  process  in  liquids  of  low  and  high  viscosity  differs  sharply; 

the  hydraulic  resistance  of  the  liquid  layer  (lApj)  has  been  determined  for  different  viscosities  and  specific  air 
rates. 


4.  Experimental  and  calculated  values  of  Apg  are  compared;  they  are  in  satisfactory  agreement  under 
the  conditions  of  our  experiments  at  H  >  10-15  cm,  and  for  the  experimental  data  of  certain  other  workers. 
The  calculation  error  does  not  exceed  ±  15%  in  most  cases. 
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INTERFACIAL  TENSION  IN  CERTAIN  SULFIDE-SILICATE  SYSTEMS 


AT  A  HIGH  TEMPERATURE 

V.  L.  Kheifets  and  A.  B.  Sheinin 


Planning  and  Scientific  Research  Institute  of  the  Nickel,  Cobalt,  and  Tin  Industry 


Investigations  of  surface  properties  of  fused  systems  are  ol  great  theoretical  and  applied  significance,  but 
they  involve  serious  experimental  difficulties.  This  is  especially  true  for  measurements  of  inter  facial  tension 
at  the  boundary  between  two  liquid  phases. 

The  sessile-drop  method  generally  used  for  measurement  of  interfacial  tension  between  two  liquid  phases 
has  a  number  of  defects  [1].  Moreover,  the  applicability  of  this  method  is  limited  by  difficulties  in  the  choice 
of  a  material  stable  with  respect  to  both  liquid  phases  at  high  temperatures. 

In  the  present  investigation  a  new  method,  based  on  measurement  of  the  angle  of  contact  between  the  two 
phases,  was  used  for  determination  of  the  interfacial  tension  o  at  the  boundary  between  two  liquid  phases  (Curves 
1  and  2;  Fig.  1). 


It  is  evident  that 


“12  = 


“13  —  “2.1  cos  yt 
cos  <fi2 


* 


(1) 


Fig.  1.  Method  for  determination 
of  interfacial  tension  between  two 
liquids:  1  ,  2)  liquid  phases,  3) 
gas  phase. 


The  values  of  the  surface  tension  at  the  liquid— gas  interfaces 
(Oj3  and  Ojj)  can  be  found  experimentally.  The  angle  </>i  can  also  be 
measured  directly.  If  the  drop  is  small  enough,  both  its  parts  (the  part 
projecting  from  the  heavier  liquid,  and  the  part  immersed  in  it)  are  close 
to  spherical  segments  in  shape.  Taking  this  fact  and  the  law  of  Archimedes 
into  account,  we  can  calculate  the  angle  from  the  equation 

tan  y  (s  -Han^y)  ^  ^ 

tan^^3^an2^j  ^ 

where  ^  and  D  are  the  densities  of  the  light  and  heavy  liquid  respectively. 


If  the  values  of  Ojj,  Oj  and  </>2  are  known,  the  interfacial 

tension  Ojj  at  the  boundary  between  the  two  liquids  can  be  calculated  from  Equation  (1). 


A  similar  idea  formed  the  principle  of  the  method  used  by  Mikiashvili,  Samarin,  and  Tsylev  [2,  3]  for 
determination  of  interfacial  tension  between  liquid  iron  and  slag.  However, they  considered  only  the  visible 
part  of  the  contact  angle  (Fig.  1),  and  this  must  influence  the  calculated  results. 


•  (Pi  and  angles  formed  with  the  horizontal  plane  by  the  vectors  and  0^2  respectively. 
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B 

Fig.  2.  Surface  tension  of  fused  sul¬ 
fides  (Ou)  and  interfacial  tension  at 
the  fused  sulfide-iron  orthosilicate 
boundary  (Ojj);  A)  o,  B)  iron  sulfide 
content  of  melt;  1)  «18.  2)o„. 


Fig.  3.  Dependence  of  interfacial  ten¬ 
sion  at  the  matte  -  slag  boundary  (oj^j) 
on  the  surface  tension  of  the  slag  (05^3). 
A)  Oij.  B)  O23;  1)  slags  with  ratio 

FeO  ^  ,  .  FeO  . 

— —  <  1,  2)  slags  with  ratio - >  1. 

CaO  ’  ®  CaO 


of  slag  composition  on  the  interfacial 
(i.e.tthe  more  acid  it  is),  the  lower  is 
interfacial  tension. 


In  the  present  investigation  we  studied  fused  systems  of  the  matte - 
slag  type,  significant  in  nonferrous  metallurgy.Surface  tension  at  slag- 
gas  and  matte -gas  boundaries  was  measured  by  the  maximum  gas- 
bubble  pressure  method  [4,5].Nickel  capillaries  0,5 -1.0  mm  in  diameter 
and  iron  crucibles  were  used  in  experiments  on  slags, and  quartz  capil¬ 
laries  1-2  mm  in  diameter  and  Alundum  (or  sometimes  porcelain)  cru¬ 
cibles  in  experiments  on  mattes.  The  gas  was  oxygen-free  nitrogen  in 
both  cases.  For  surface  tension  at  slag-gas  boundaries  literature  data 
[6,7]  determined  by  the  ring  method,  and  confirmed  by  us  by  the  max¬ 
imum  bubble  pressure  method,  were  also  used.  All  the  determinations 
were  carried  out  at  1300*. 

The  angle  was  measured  as  follows.  A  weighed  sample  of 
matte  in  a  graphite  boat  was  melted  in  a  Silit  tubular  furnace  through 
which  thoroughly  purified  nitrogen  was  blown;  a  small  briquet  of  slag 
weighing  0. 2-0.5  g  was  then  placed  on  the  matte  surface,  and  melted 
instantly.  The  system  was  kept  in  a  stream  of  nitrogen  for  about  30 
minutes  at  1300*;  an  image  of  the  slag  drop  on  the  matte  surface  was 
then  projected  by  means  of  a  long-focus  lens  onto  a  screen,  and  drawn. 

The  image  was  approximately  10  times  the  size  of  the  drop. 

The  densities  of  the  slags  and  mattes  were  calculated  from  the 
densities  of  the  pure  components  at  room  temperature,  on  the  principle 
of  additivity  of  specific  volumes.  In  the  case  of  SiOj,the  density  of 
tridymite  was  taken,  as  this  is  the  silica  modification  stable  at  the  ex¬ 
perimental  temperature.  Comparison  with  the  experimental  values 
available  for  some  slags  showed  that  the  error  in  this  method  of  calcula¬ 
tion  does  not  exceed  3  %. 

The  error  in  determinations  of  interfacial  tension  in  duplicate 
experiments  was  usually  5-10%. 

Fig.  2  shows  experimental  data  for  the  influence  of  the  com¬ 
position  of  the  sulfide  phase  on  its  surface  tension  and  on  interfacial 
tension  at  the  boundary  between  a  melt  of  iron  and  nickel  sulfides  and 
iron  orthosilicate.  Both  values  decrease  with  increase  of  iron  sulfide 
content  in  the  melt,  and  the  interfacial  tension  decreases  considerably 
more  rapidly.  This  variation  is  quite  consistent  with  the  fact  that  iron 
sulfide  is  more  soluble  than  nickel  sulfide  in  the  slag. 

Quite  similar  relationships,  in  the  quantitative  sense  ,  were  found 
by  Sryvalin,  Esin  and  Nikitin  [8,9]  for  the  systems  cujS-FeS  and 
CujS— NisSj  at  the  boundary  with  slag. 

In  Fig.  3,values  of  interfacial  tension  at  the  sulfide  melt— slag 
boundary  are  compared  with  the  surface  tension  of  slag.  The  inter - 
facial  tensions  were  calculated  from  our  data  on  the  surface  tension  of 
mattes  and  slags,  and  values  of  (p^  determined  by  Vanyukov  and  Ivanov 
[10].  The  matte  was  of  the  same  composition  in  all  experiments;  20.3% 
Ni,  53.4%  Fe,  25%  S.  The  surface  tension  of  slags,  as  numerous  ex¬ 
perimental  data  [6,7]  show,  depends  mainly  on  their  silica  content; 
the  higher  the  silica  content,  the  lower  is  the  surface  tension  of  the 
slag.  Therefore  the  data  in  Fig.  3  give  an  indication  of  the  influence 
tension  at  the  slag— sulfide  melt  boundary.  The  more  silica  in  the  slag 
the  surface  tension.  Replacement  of  CaO  in  the  slag  by  FeO  increases 


These  results  can  be  used  in  an  examination  of  the  losses  of  nickel  with  slags  during  smelting.  These  losses 
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A 


Fig.  4.  Surface  tension  of 
iron -nickel  mattes  of  constant 
sulfur  content;  A  )o  13.  B)  iron 
content  (atomic  %). 


are  mainly  due  to  two  causes;  chemical  interaction  between  matte  and  slag, 
and  mechanical  loss  of  matte  beads  trapped  in  the  slag.  The  extent  of  the 
"mechanical"  losses  depends  considerably  on  interfacial  tension  at  the  matte- 
slag  boundary.  *  A  high  interfacial  tension  favors  aggregation  of  matte  beads 
and  therefore  tends  to  reduce  losses.  By  Increasing  the  interfacial  tension 
at  the  matte-slag  boundary  in  some  way,  the  losses  of  nickel  with  slag  can 
be  reduced. 

It  follows  from  Fig.  3  that  losses  of  nickel  with  slag  increase  with  in¬ 
creasing  acidity  of  the  slag.  This  result  is  quite  consistent  with  smelting 
practice. 

It  was  noted  above  that  tlie  surface  tension  of  matte  varies  symbatlcally 
with  interfacial  tension  at  the  matte— slag  boundary  (Fig.. 2).  Therefore  data 
on  the  surface  tension  of  mattes  can  be  used  for  considering  the  question  of 
nickel  losses.  Fig.  4  shows  our  data  for  one  section  of  the  Ni-Fe-S  ternary 
diagram  corresponding  to  a  constant  sulfur  content  (18%).  This  sulfur  concen¬ 
tration  is  usual  in  industrial  nickel  mattes. 


It  is  clear  from  Fig.  4  that  in  the  composition  range  typical  for  nickel  mattes  (50-60%  atomic  %Fe)  the 
surface  tension  increases  with  decrease  of  nickel  content  in  the  friatte.  The  interfacial  tension  at  the  matte  — 
slag  boundary  should  increase,  and  therefore  "mechanical*  losses  with  slag  should  decrease  with  decrease  of 
the  nickel  content  of  the  matte.  This  result  is  also  fully  confirmed  by  experience  in  nickel  smelting. 
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•The  mechanical  losses  are  also  influenced  by  the  viscosity  of  the  slag,  but  this  influence  is  less  important,  as  it 
can  be  diminished  by  an  appropriate  change  of  furnace  temperature. 
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PREPARATION  AND  CERTAIN  PROPERTIES  OF  THIN  SILICA 
DIELECTRIC  FILMS 

N.  N.  Tvorogov 


Thin  layers  of  various  substances  are  extensively  used  in  modern  science  and  technology.  They  are  used 
in  beneficiation  of  minerals,  in  metallography:  in  modern  radio  engineering  and  electronics  for  production  of 
photocells,  rectifiers,  capacitors,  high  resistances;  in  optics  for  preparation  of  new  types  of  lenses  and  filters;  in 
modern  electron  microscopy,  etc.  The  uses  and  methods  of  preparation  of  thin  layers  and  measurement  of  their 
thickness,  are  described  in  adequate  detail  in  a  book  [1]. 


In  connection  with  a  study  of  the  autoemission  of  dielectrics  we  had  the  problem  of  preparing  metal  points 
coated  with  thin,  dense,  and  uniform  layers  of  silica.  The  production  of  thin  silica  films  by  vacuum  dispersion 
is  a  fairly  difficult  task,  as  this  process  involves  the  use  of  high  temperatures  (of  the  order  of  1800“).  The  purity 
of  the  films  so  obtained  depends  on  the  purity  of  the  quartz,  which  does  not  always  conform  to  the  experimental 
requirements. 


Fig.  1.  Reaction  vessel  for  coat¬ 
ing  metal  surfaces  with  films  of 
Si02  formed  by  decomposition  of 
ethyl  orthosilicate:  1)  wire  for 
coating:  2)  molybdenum  leads; 

3)  quartz  flask;  4)  stopcock  for 
trap  with  ethyl  orthosilicate;  5) 
stopcock  between  flask  and 
pump. 


A  short  paper  [2]  was  published  in  1949,  in  which  it  was  reported  that 
thin  silica  films  can  be  prepared  by  dissociation  of  ethyl  orthosilicate 
(OC2H5)4Si  on  metal  supports  heated  to  a  definite  temperature.  The  author 
studied  the  formation  of  silica  films  on  nickel  supports  only.  Up  to  800“ 
silica  was  not  formed.  Si02  was  formed  fairly  rapidly  only  at  900-1100“. 

The  paper  contains  a  curve  for  the  effect  of  temperature  on  the  growth  rate 
of  a  Si02  layer  on  a  nickel  support. 

We  studied  the  conditions  of  formation  of  siiica  by  the  decomposition 
of  ethyl  orthosilicate  at  heated  tungsten  and  molybdenum  wires  (d  =  100 
and  at  Nichrome  and  tungsten  plates,  in  the  apparatus  shown  in  Fig.  1.  The 
wire  1  was  first  etched  electrochemically  in  an  alkaline  solution  and  then 
fixed  between  the  molybdenum  leads  2.  The  quartz  bulb  3  was  evacuated 
down  to  10"^  mm,  and  the  wire  was  heated  at  a  temperature  of  the  order  of 
1200-1300“.  The  stopcock  4  was  then  opened  and  the  stopcock  5  closed, and 
tetraethyl  silicate  vapor  was  admitted  into  the  bulb  3.  The  wire  was  kept  for 
some  time  in  the  vapor  at  a  definite  temperature.  The  temperature  was 
measured  by  means  of  the  OPIR-9  pyrometer,  and  the  thickness  of  the  layer 
by  the  IKV  optimeter  fitted  with  an  additional  device  (specimen  inserter) 
whereby  the  wire  thickness  could  be  measured  both  before  and  after  applica¬ 
tion  of  the  Si02  layer.  With  this  device, the  measurements  could  be  made  to 
within  l°]o  with  wires  100  p  thick.  The  wire  thickness  was  measured  5-8 
times  at  points  one  millimeter  apart  over  a  length  of  7  mm.  The  average 
thickness  was  found  from  all  these  results.  The  course  of  coating  of  a  molyb¬ 
denum  wire  as  a  function  of  time  was  studied  at  920,  1000,  1150,  and  1200“. 
Up  to  850“  there  was  almost  no  Si02  formation.  In  the  900-1200*  range  a 
silica  film  is  formed  rapidly  (Table  1). 


The  data  in  Table  1  were  used  to  plot  curves  for  the  thickness  of  the 
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SlOi  layer  as  a  function  of  the  support  heating  time  at  different  temperatures  (Fig.  2).  The  probable  cause  of 
the  scattering  of  the  points  is  errors  in  measurements  of  the  support  temperatures  as  the  formation  of  SiOj  greatly 
depends  on  the  temperature. 


A 


Fig.  2.  Curves  for  variation  of 
the  thickness  of  Si02  layers  with 
the  heating  time  of  molybdenum 
wire  at  different  temperatures: 

A)  layer  thickness  (  p  ),  B)  time 
(minutes);  temperature  (*C): 

1)  920,  2)  1000,  3)  1150,  4) 
1200. 


It  is  seen  in  Fig.  2  that  the  slope  of  the  curve  for  the  layer  thick¬ 
ness  as  a  function  of  time  shows  an  appreciable  progressive  decrease  at 
each  temperature.  As  the  measurements  of  the  support  temperature  were 
unreliable,  it  cannot  be  definitely  decided  whether  this  is  due  to  decrease 
of  temperature  with  increasing  thickness  of  the  silica  layer  or  to  decrease 
of  the  catalytic  effect  of  the  support. 

Table  2  contains  the  results  of  consecutive  measurements  of  the 
thickness  of  the  Si02  layer,  performed  by  means  of  the  optimeter,  at  the 
same  point  on  a  molybdenum  wire  coated  with  silica. 

These  results  show  that  with  thicker  films  there  are  greater  varia¬ 
tions  between  the  results  of  consecutive  measurements  of  layer  thick¬ 
ness  at  the  same  point.  This  indicates  that  the  layer  becomes  more 
loose  as  it  grows  in  thickness. 

In  some  instances  (more  often  with  molybdenum)  undesirable 
transparent  Si02  dendrites  were  formed. 

The  results  of  spectrum  analysis  showed  that  the  films  were  free 
from  impurities.  Absence  of  crystalline  silica  was  demonstrated  by 
x-ray  analysis  with  the  URS-55  unit  (CuK  a -radiation;  ^  of  camera 
57  mm;  thickness  of  Si02  layer  Iji  on  copper  and  lOp  on  molybdenum 
wire). 

Silica  films  were  also  made  on  Nichrome  and  tungsten  plates 
(60X  15  X  0.1  mm).  The  results  are  given  in  Table  3. 


TABLE  1* 


Effects  of  Heating  Time  and  Temperature  of  the  Support  on  the  Thickness  of  Si02 
Films  Formed  on  Molybdenum  Wire. 


920° 

1000 

0 

1160° 

1200° 

Support 

Layer 

Support 

Layer 

Support 

Layer 

Support 

Layer 

heating 

thickness 

heating 

thickness 

heating 

thickness 

heating 

thickness 

time  (min) 

(M) 

time  (min) 

time(min) 

time(min) 

M 

10 

2.4 

4 

2.3 

5 

8.3 

5 

12.5 

20 

3.0 

6 

2.8 

10 

14.5 

10 

25.4 

30 

4.6 

7 

6.4 

15 

17.5 

— 

— 

5.9 

— 

_ 

10 

8.4 

— 

— 

— 

— 

— 

_ 

15 

8.6 

— 

— 

— 

— 

— 

— 

20 

11.5 

— 

— 

— 

‘Microscopic  observations  showed  that  the  silica  layer  is  more  uniform  on  tungsten 
than  on  molybdenum  wire.  Quantitative  data  on  film  thickness  distribution  on  tung¬ 
sten  surfaces  are  not  given,  as  the  layer  thickness  could  not  be  measured  with  the 
optimeter  owing  to  the  brittleness  of  tungsten  wire. 


1066 


The  layer  thickness  was  calculated  fromihe  formula 


h  = 


AP 

S  ‘  d  ’ 


where  AP  Is  the  weight  of  silica  on  the  support,  S  is  the  surface  area  of  the  coating,  and  d  is  the  density 
of  silica. 

Comparison  of  the  data  in  Tables  1  and  3  shows  that  the  decomposition  rate  is  much  lower  on  Nlchrome 
than  on  molybdenum  or  tungsten  supports. 


TABLE  2 

Results  of  Consecutive  Measurements  at  One  Point  of  a  Wire  Coated  with  SlOj 


Film  thickness  ( fi) 


Consecutive 

measurements 

10  minutes 

20  minutes 

920’ 

1 

1Q00“ 

1150“ 

920“ 

1000“ 

1 

2.4 

8.5 

15.2 

3.0 

12.5 

2 

2.4 

8.4 

14.7 

3.0 

11.1 

3 

2.4 

8.0 

14.5 

3.2 

10.7 

4 

— 

8.0 

— 

— 

— 

TABLE  3 

Effects  of  Heating  Time  and  Temperature  of  the  Support  on 
the  Thickness  of  Layers  on  Nichrome  and  Tungsten  Plates 


Support 

Coating  tern- 

Coating  time 

Layer  thickne 

material 

perature  (“C) 

(min) 

(M) 

980 

15 

0.13 

1050 

30 

0.39 

Nichrome 

1050 

40 

0.47 

1100 

15 

0.39 

1100 

30 

0.65 

1100 

35 

0.60 

Tungsten 

1050 

1050 

15 

30 

0.63 

1.6 

SUMMARY 

1.  Appreciable  formation  of  silica  by  decomposition  of  ethyl  orthosilicate  vapor  on  heated  molybdenum, 
tungsten,  and  Nichrome  supports  occurs  only  at  temperatures  of  the  order  of  900“  and  over. 

2.  Data  on  variations  of  the  thickness  of  SiOj  layers  with  heating  time  at  different  temperatures  are 
presented.  The  formation  rate  of  Si02  greatly  depends  on  the  temperature  and  the  support  material.  It  is 
lower  with  Nichrome  than  with  molybdenum  or  tungsten. 

3.  The  density  of  the  layer  and  the  uniformity  of  its  thickness  over  the  surface  decrease  with  increasing 
thickness. 

In  conclusion,  I  thank  Ya.  S.  Savitskaya  for  her  interest  and  help  in  presentation  of  this  paper. 
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STABILITY  OF  ELECTROLYTE  FOAMS 

V.  G.  Gleim,  I.  K.  Shelomov,  and  B.  R.  Shidlovskii 
Chair  of  Chemistry,  Rostov-on-Don  Institute  of  Railroad  Transport  Engineers 


Problems  relating  to  the  stability  of  electrolyte  foams  can  be  examined  in  the  light  of  the  theoretical 
concepts  developed  in  our  earlier  papers  [1,  2]. 

Investigations  of  foam  stability  in  the  surface-active  region  of  the  o  -C  diagram  lead  to  the  conclusion 
that  the  increase  of  the  average  bubble  life  (as  compared  with  distilled  water)  observed  in  this  region  is  due  to 
a  peculiar  energy  "skewness"  between  the  surface  and  volume  of  the  solution.  At  the  solutlon—gas  (vapor) 
interface  there  is  a  sharp  decrease  in  the  energy  of  intermolecular  action  as  the  result  of  adsorption  processes. 

At  the  same  time  the  potential  energy  of  fixation  of  the  molecules  within  the  volume  of  the  liquid  changes 
very  little.  The  same  considerations  are  applicable  to  solutions  of  surface -inactive  substances.  Here  the  energy 
of  intermolecular  action  changes  more  rapidly  within  the  solution  than  at  the  liquid  surface.  Since  the  volume 
of  the  solution  is  many  times  as  great  as  the  volume  of  the  surface  layer,  the  energy  of  intermolecular  action 
must  alter  little  with  small  concentrational  changes,  and  therefore  the  influence  of  concentration  on  film 
strength  must  be  considerably  less  with  surface-inactive  substances  (electrolytes)  than  with  surface-active  sub¬ 
stances. 

For  the  range  of  solutions  with  which  we  are  concerned,  and  in  particular  for  dilute  electrolyte  solutions, 
adsorption  can  be  calculated  with  the  aid  of  the  Gibbs  equation  in  the  form  proposed  by  Semenchenko  [3]: 

„ _ 1^2 (1  —  G]  G  ... 

^^~V2+Vi(Vi-V2)C\  ’  1{T> 


where  C  is  the  concentration,  V  is  the  molar  volume,  and  G  is  the  surface  activity;  the  subscript  1  cor 
responds  to  the  solvent  (water)  and  the  subscript  2  to  the  solute  (salt). 


For  dilute  electrolyte  solutions  evidently 
Disregarding  Cj,  we  may  assume  Cj  «  — 


Ci»  C,. 

or  Vj  «  . 

W 


Substitution  of  this  value  of  Vj  into  Equation  (1)  gives 


(2) 


It  was  shown  earlier  [2]  than  the  work  of  adsorption  can  be  expressed  in  the  form 


/r  •  1000  \ 


(3) 


With  the  previous  notation  [2]  ♦  = 


a  +  (p 


which  gives 


<p=  0  and  ♦  =  — . 

U 


30  +  2<p 

Then  the  ratio  of  the  energy  of  rupture  of  a  film  of  the  solution  to  the  corresponding  value  for  water 
H  O 

^cr  ^  •  established  by  us  earlier  [2],  becomes 
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W' 


jyH,0 

cr 


’H,0 


(4) 


Thus,  In  the  surface-inactive  region, film  strength  is  directly  proportional  to  the  coefficient  of  surface 
tension. 


It  was  necessary  to  develop  a  special  method  of  investigation  for  experimental  verification  of  Equation 
(4)  as  film  strength  or  bubble  life  at  the  interface  are  very  small  for  electrolyte  solutions. 

The  method  proposed  by  Shidlovskii  for  investigation  of  film  strength  in  these  liquids  is  as  follows. 


Bubbles  of  gas  (air,  vapor)  are  generated  at  the 
liquid— gas  interface  in  such  a  manner  that  there  is  only 
one  bubble  at  the  surface  at  any  given  instant.  If  n 
bubbles  are  generated  in  t  seconds,  then  the  average 
life  of  a  bubble  Is 


t 

x  =  —  sec. 
av  n 

The  apparatus  designed  for  these  determinations  is 
shown  in  Fig.  1.  The  experimental  procedure  is  as  follows. 

The  test  solution  is  contained  in  the  vessel  1.  Air 
is  washed  in  the  flask  2  and  passes  through  the  valve  3, 
which  controls  the  air  rate,  into  the  capillary  4  and  then 


TABLE  1 


G 

(meq/ 

liter) 

Average  life  of  bubble  solution  surface  (seconds) 

MgSO, 

NaCl 

Na,S04 

NaOH 

Na.CO, 

0 

0.20 

0.20 

0.20 

0.20 

0.20 

100 

0.28 

0.33 

0.37 

0.77 

0.50 

200 

0.35 

0.63 

0.59 

0.90 

0.80 

300 

0.44 

0.87 

0.84 

1.00 

0.96 

5tK) 

0.50 

1.27 

1.24 

1.51 

1.45 

750 

— 

1.42 

1.50 

1.43 

1.50 

1000 

— 

1.48 

1.48 

1.60 

1.54 

A 


Fig.2.Bubble  stability  in  solutions  of  different  electrolytes: 
A)  average  bubble  life  (seconds),  B)  solution  concentra¬ 
tion  (meq/liter);  1)  Na2C03,  2)  NaCl,  3)  Na2S04,  4)  NaOH, 
5)MgS  O4. 
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TABLE  2 


Solution 

G 

(meq  liter) 

Wcr 

wH.o 

•^cr 

T^y  (sec) 

log  7-av 

0 

1.000 

0.20 

—0.70 

100 

1.001 

0.28 

—0.55 

MgS04 

200 

1.004 

0.35 

—0.46 

300 

1.005 

0.44 

—0.36 

400 

1.006 

0.48 

-0.32 

500 

1.007 

0.50 

—0.30 

0 

1.000 

0.20 

—0.70 

100 

1.002 

0.38 

—0.42 

NaCl 

200 

1.005 

0.60 

—0.22 

300 

1.007 

0.85 

—0.07 

400 

1.009 

1.08 

0.03 

500 

1.012 

1.27 

0.10 

0 

1.000 

0.20 

—0.70 

100 

1.002 

0.60 

—0.22 

NaOH 

200 

1.005 

0.84 

—0.07 

300 

1.007 

1.04 

0.02 

400 

1.009 

1.24 

0.09 

500 

1.012 

1.45 

0.16 

Fig.  3.  Film  strength  (theoretical) 
and  bubble  stability  (experimental) 
in  MgSO^  solutions:  A)  log  of  bubble 
^av)»  strength 


C)  solution  concentration 


Fig.4  Jilm  strength  (theoretical)  and 
bubble  stability  (experimental)  in  NaCl 
solutions:  A)  log  of  bubble  life  (log 
Tav)»B)  film  strength,  C)  solution 
concentration  (meq/  liter);  curves:  1) 
log  T^y,  2)  film  strength. 


(meq /liter):  curves:  1)  log  T^y,  2) 
film  strength. 


in  the  form  of  bubbles  to  the  surface  of  the  solution . 
(Air  is  drawn  out  of  the  vessel  1  by  means  of  the  aspir¬ 
ator  5.)  The  capillary  4  is  connected  to  the  contact 
manometer  6.  A  rack  (not  shown  in  the  diagram)serves  to  regulate  the  mercury  level  in  the  inclined  capillary 
7  of  the  manometer.  The  circuit  is  broken  during  the  formation  of  each  bubble.  After  the  bubble  has  become 
detached,  the  circuit  is  closed  owing  to  increase  of  pressure  in  the  capillary  4.  The  electric  pulse  is  recorded 
by  means  of  the  pulse  counter  8.  The  vessel  1  is  contained  in  a  thermostat. 
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The  average  bubble  life  was  determined  for  the  follow¬ 
ing  compounds:  NaCl,  Na2S04,  NaOIl,  Na2C03  and  MgSO^.  The 
solution  concentrations  were  varied  from  0  to  1000  meq/liter.  The 
determinations  were  performed  at  20*.  It  sho\dd  be  noted  that  com¬ 
plete.  reproducibility  of  the  results  was  attained  only  after  the  most 
throrough  measures  had  been  taken  to  prevent  contamination  of  the 
solution  by  traces  of  surface-active  substances  and  colloids. 

The  results  are  given  in  Table  1  and  Fig.  2. 

It  follows  from  these  data  that  bubble  stability,  which  remains 
small  in  absolute  magnitude,  increase  with  concentration.  At  a 
concentration  of  about  500  meq^itcr. breaks  are  found  on  the  Tav~C 
curves  for  most  of  the  solutions,  beyond  which  the  rate  of  increase 
of  Tav  is  less. 

It  may  be  assumed  that  in  this  concentration  region  the  de¬ 
crease  of  film  thickness,  demonstrated  by  Deryagin  [4],  begins 
have  an  influence.  Our  results  show  that  at  concentrations  up  to 
500  rneq/  liter  this  effect  may  be  ignored. 

These  results  also  demonstrate  the  influence  of  solution  pH 
on  the  average  bubble  lifefi.e.,  film  strength).  The  greatest  film  strength  is  found  with  substances  which  make 
the  solution  alkaline  (NaOH  and  Na^COs).  This  should  probably  be  attributed  to  interaction  of  hydroxyl  ions  with 

'^cr 

water  molecules.  For  verification  of  Equation  (4)  the  calculated  values  of  -  were  compared  with  experi- 

W»20 

"cr 

mental  values  of  log  T^y  (t  =  20“). 

The  results  for  solutions  of  MgSO^,  NaCl  and  NaOH  are  presented  in  Table  2  and  Fig.  3-5. 

SUMMARY 

Experimental  results  show  that  film  stability  increases  with  increase  of  pH  of  the  medium. 

Consideration  of  the  data  leads  to  the  conclusion  that  Equation  (4)  correctly  represents  variations  of  film 
strength  (bubble  life)  with  concentration  of  electrolyte  solutions. 

The  above  theoretical  and  experimental  data  therefore  show  that  the  stabilization  mechanism  of  gas 
(vapor)  bubbles  is  the  same  in  the  surface-active  as  in  the  surface-inactive  region,  and  is  determined  by  adsorp¬ 
tion  effects  which  give  rise  to  an  energy  "skew'ness"  or  change  in  the  energy  of  intermolecular  action  in  #ie 
surface  layer  for  solutions  of  surface-active  substances,  and  in  the  volume  of  the  liquid  for  solutions  of  surface- 
inactive  substances.  This  change  is  considerably  greater  in  the  former  case  than  in  the  latter. 

The  foregoing  considerations  are  in  good  agreement  with  Durov’s  extensive  experimental  data  [5]. 


Fig. 5.  Film  strength  (theoretical)  and 
bubble  stability  (experimental)  in 
NaOH  solutions:  A)  log  of  bubble  life 
(log  Tgy),  B)  film  suength,  C)  solu¬ 
tion  concentration  (meq/iter>,  curves 
1)  log  2)  film  strength. 
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A  STUDY  OF  THE  OXIDATION  OF  ALUMINUM  POWDER  IN  AQUEOUS 
ALCOHOLIC  SOLUTIONS 


L.  I.  Virin 


The  surface  of  metallic  aluminum  is  always  coated  with  a  dense  oxide  layer,  which  confers  high  corrosion 
resistance  to  aluminum. 

To  increase  the  resistance  of  aluminum  to  various  corrosive  media,  thicker  and  stronger  films  are  produced 
artificially  on  its  surface.  These  films  may  consist  of  amorphous  aluminum  hydroxide,  crystalline  modifications 
of  AI2OS  •  HjO  —  bayerite  or  boehmite  —  or  anhydrous  aluminum  oxide.  Such  films  are  made  by  chemical  or 
electrochemical  treatment  (anodizing).  The  production  and  properties  of  these  films  have  been  extensively 
studied  and  have  been  described,  for  example,  in  Akimov's  book  [1],  in  Altenpohl's  review  article  [2],  etc.Never- 
theless,  when  we  were  faced  with  the  task  of  surface  oxidation  of  fine  aluminum  powder  yte  found  that  the  great 
majority  of  the  known  methods  are  inapplicable  for  this  purpose.  In  general,  the  thickness  of  the  films  obtained 
by  these  methods  was  greater  than  the  thickness  of  the  powder  sales  (0.6  n  for  PAK-3). 

The  problem  of  surface  oxidation  of  aluminum  powder  arose  in  connection  with  the  production  of  colored 
aluminum  powders  for  decorative  and  other  purposes.  The  problem  was  solved  by  oxidation  of  aluminum  powder 
in  boiling  aqueous  alcohol  solutions.  This  method  gives  thin  and  strong  oxide  films  on  the  surface  of  aluminum 
powder. 

The  oxide  film  is  forped  in  this  process  as  the  result  of  interaction  between  aluminum  and  water,  which 
Ynay  be  represented  by  the  equation: 

2A1  -I-  (3  +  n)  H2O  =  AI2O3  .  nHjO  -f  3H2. 

The  role  of  alcohol  is  to  retard  this  reaction.  Thus,in  boiling  pure  water  almost  all  the  aluminum  powder 
is  converted  into  hydroxide  in  a  few  minutes;  hy  varying  the  alcohol  concentration  we  can  influence  the  rate  of 
the  oxidation  reaction  and  control  very  accurately  the  thickness  of  the  film  formed. 


EXPERIMENTAL 

Mixtures  of  water  and  ethyl  alcohol,  containing  from  20  to  35%  of  water  by  weight,  were  used. 

Aluminum  powder  of  PAK-3  grade  (GOST  5491-50),  containing  about  3.5%  of  stearic  acid,  was  degreased 
by  boiling  in  acetone  before  the  experiments,  to  a  final  grease  content  of  0.9-1%.  Usually  100  g  of  water-alcohol 
mixture  was  taken  per  5  g  of  aluminum  powder  in  each  experiment.  The  experiments  were  conducted  at  the 
boiling  point  in  a  vessel  under  a  reflux. 

The  rate  of  Reaction  (1)  was  estimated  from  the  volume  of  hydrogen  collected  in  a  gas  buret. 

Fig.  1  shows  curves  for  the  variation  of  gas  volume  with  time  for  four  different  initial  concentrations  of 
water  in  the  water-alcohol  mixture.  The  curves  are  characteristically  S-shaped.  This  form  of  the  curve  shows 
that  the  process  can  be  tentatively  divided  into  3  stages:  the  induction  stage,  with  very  slow  liberation  of  hydrogen 
at  an  almost  constant  rate;  the  kinetic  stage,  with  turbulent  liberation  of  hydrogen  at  a  continuously -increasing 
rate;  and  the  diffusion  stage,  in  which  the  reaction  dies  down,  with  its  rate  decreasing  continuously.  These  three 
stages  are  revealed  especially  clearly  in  a  plot  of  the  reaction  rate  against  time  (Pig.  2). 
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Fig.  1.  Course  of  the  oxidation  reaction  in  aqueous  alcohol  solutions  with 
different  initial  concentrations  of  water:  A)  volume  of  liberated  hydrogen, 
reduced  to  standard  conditions  (in  ml),  B)  time  (minutes);  water  contents 
(%.  1)  35,  2)  30,  3)  25,  4)  20. 


Fig.2.  Variation  of  oxidation  rate  with  time:  A)oxidation  rate,calcu- 
lated  from  the  volume  of  liberated  hydrogen  under  standard  conditions 
(ml/min):  B)  time  (minutes);  water  contents  (%);1)  35,  2)  30,  3), 25,  4)  20. 
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This  course  of  the  process  may  be  explained  as  follows. 

The  aluminum  powder  is  covered  with  a  layer  of  stearic  acid  (3.5‘5^)).  This  layer  cannot  be  removed  com¬ 
pletely  by  the  usual  methods.  As  reported  by  Trillat  [5],  an  aluminum  stearate  film  which  is  not  washed  away 
by  solvents  is  formed  on  the  metal  surface.  After  threefold  boiling  (2  hours  each  time)  in  acetone,  about  l‘5t>of 
stearic  acid  remains  on  the  powder.  This  corresponds  to  roughly  a  trimolecular  layer  on  the  very  extensive  surface 
of  the  powder  (12,200  cmVg).  It  is  probable  that  a  thicker  multilayer  exists  on  some  regions  of  the  surface,  and 
a  monolayer  on  others.  Possibly  there  are  also  regions  entirely  free  from  the  grease  film. 

Oxidation  of  the  metal  can  be  affected  only  by  water  molecules  which  have  diffused  through  this  hydro - 
phobic  film,  and  therefore  the  reaction  rate  is  determined  by  the  rate  of  diffusion,  which  Is  very  low  and  almost 
constant  under  these  conditions. 


Dissolution  of  the  metal  leads  to  appreciable  anodic  polarization  of  its  surface;  this  lowers  the  contact 
angle  and  assists  degreasing,  as  has  been  demonstrated  [4,5J.  The  liberated  hydrogen  bubbles  detach  the  grease 
molecules  from  the  metal  and  "float"  them.  When  the  surface  has  been  degreased  in  this  manner,  oxidation  be¬ 
comes  more  rapid.  When  a  considerable  proportion  of  the  surface  has  been  freed  from  the  stearic  acid  film  by 
the  liberated  hydrogen,  the  process  passes  from  the  induction  to  the  kinetic  stage. 

Oxidation  of  aluminum  is  accompanied  by  considerable  evolution  of  heat,  which  increases  the  reaction  rate. 


However,  as  oxidation  proceeds.the  surface  becomes  coated  with  a  dense  film  of  more  or  less  hydrated 
aluminum  oxide.  This  film  (of  thickness  O.OSpand  over)  retards  the  reaction  and  the  process  passes  into  the  slower 
diffusional  stage. 


A 


duction  period  (t)  with  the  initial  con¬ 
centration:  A)  r  (minutes),  B)  values  of 
1 

ChJo 


At  this  stage  the  rate  of  the  process  is  determined  by  the 
the  rate  of  diffusion  of  the  reacting  substances  through  the  oxide 
film. 


It  follows  from  Fig.  1  that  the  amount  of  oxidized  alumi- 
num,i.e.,the  film  thickness,  depends  on  the  concentration  of  water- 
the  higher  the  concentration  of  water,  the  more  active  and  deeper 
is  the  reaction. 

The  rate  of  the  reaction 

2A1  4-  3II2O  =  AI2O3  f  3II2  (2) 

must  be  proportional  to  the  cube  of  the  water  concentration: 


W^K  ■ 


'11,0  • 


(I) 


The  duration  t  of  the  induction  period  is  inversely  pro¬ 
portional  to  the  reaction  rate 


_  1  ~ 

^  H,() 


The  data  in  Fig.  3  fully  confirm  this  relationship. 


The  formation  of  a  dense  oxide  film  in  our  experimental  conditions  occurs  considerably  before  any  ap¬ 
preciable  decrease  of  the  water  concentration.  Therefore  increase  of  the  volume  of  the  water— alcohol  mixture 
per  unit  weight  of  aluminum  should  not  influence  appreciably  the  course  of  the  reaction. 


This  was  confirmed  by  the  experiments;  two-  and  fivefold  increases  of  the  solution  volume  decreased  the 
length  of  the  induction  period  somewhat ,  probably  because  of  partial  dissolution  of  the  grease  film. 

The  experiments  were  performed  with  boiling  solutions,  but  the  difference  between  the  boiling  points  for 
the  extreme  concentrations  (35  and  2(f^o)  of  water  is  2.4®.  To  eliminate  any  possible  influence  of  this  tempera¬ 
ture  difference,  a  series  of  experiments  was  carried  out  at  79  ®  in  a  thermostat.  The  results  were  not  significant¬ 
ly  different.  The  relative  positions  and  form  of  the  curves  remained  the  same;  decrease  of  temperature  led  to 
some  increase  of  the  induction  period  and  decrease  of  the  maximum  rate.  Therefore  the  differences  in  the  course 
of  oxidation  in  mixtures  with  different  water  concentrations  do  not  depend  on  differences  of  boiling  point. 
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Fig.  4.  Effect  of  addition  of  water  after  formation  of  a  film  in  20%  solution:  A) 
volume  of  liberated  hydrogen,  reduced  to  standard  conditions  (ml),  B)  time  (minutes); 
water  contents  (%);  1)  film  in  solution  with  207o  water;  1*)  after  addition  of  water  to 
35%  C  represents  the  point  of  addition;  2)  35;  3)  30;  4)  20. 

During  prolonged  storage  of  degreased  powder  its  surface  is  oxidized  by  air,  and  the  resultant  oxide  layer 
causes  an  appreciable  lengthening  of  the  induction  period.  The  amount  of  hydrogen  liberated  during  oxidation 
decreases,  as  the  aluminum  is  oxidized  under  an  existing  film.  This  was  found  in  experiments  on  oxidation  of 
samples  of  aluminum  powder  stored  for  10  and  37  days  respectively. 

The  following  experiment  was  carried  out  to  investigate  the  role  of  the  formed  film  on  the  subsequent  course 
of  tlie  reaction  (Fig.  4).  5  g  of  aluminum  powder  was  treated  with  a  mixture  containing  20%  water  until  a  film 
was  formed,  i.e.,  until  the  reaction  slowed  down;  water  was  then  added  to  the  reaction  vessel  to  raise  the  water 
concentration  to  35%.  It  is  clear  from  Fig.  4  that  the  reaction  is  accelerated  appreciably  at  the  instant  when 
water  is  added,  but  the  course  of  the  reaction  is  closer  to  the  experiment  with  30%  rather  than  with  35%  water. 

This  confirmed  once  again  that  the  water  concentration  in  solution  is  the  main  determining  factor  in  the  process. 
The  influence  of  the  formed  film  on  the  course  of  the  process,  demonstrated  by  this  experiment,  suggests  that  the 
■film  formed  in  a  solution  containing  20%  water  differs  qualitatively  from  the  film  formed  in  a  solution  with  35% 
water. 

Oxidation  of  aluminum  by  water  under  our  experimental  conditions,  i.e., at  temperatures  above  78“ ,  may 
yield  either  anhydrous  aluminum  oxide  AI2O3,  or  boehmite  y  -AlOOH,  or  amorphous  aluminum  hydroxide  Al(OH)3. 

The  heats  of  formation  of  AI2O5,  y  -AlOOH  and  Al(OH)8  are  similar  (206-203  kcal/mole).  Therefore  all  these 
reactions  are  equally  probable,  but  at  higher  temperatures  formation  of  anhydrous  aluminum  oxide  on  the  metal 
surface  is  to  be  expected. 

A  series  of  experiments  was  carried  out  in  order  to  determine  the  composition  of  the  films  formed  at  dif¬ 
ferent  initial  water  concentrations.  The  water  contents  of  the  initial  and  final  water— alcohol  mixtures  were 
determined  from  the  densities  to  an  accuracy  of  some  hundredths  of  1%.  The  amount  of  water  consumed  in 
oxidation  of  the  metal  was  calculated  from  the  final  volume  of  hydrogen,  reduced  to  standard  conditions. Water 
of  constitution  was  found  by  difference,  and  was  calculated  per  mole  of  aluminum  oxide  formed. 

Increase  of  the  initial  water  concentration  leads  to  a  higher  reaction  temperature  at  the  metal  surface  and, 
as  expected,  to  formation  of  a  film  of  higher  AI2O3  content,  whereas  when  the  initial  concentration  of  water  is 
20%  a  film  of  almost  pure  boehmite  is  formed.  In  addition  to  experiments  with  ethyl  alcohol— water  mixtures 
we  carried  out  experiments  on  oxidation  of  aluminum  powder  in  isopropyl  alcohol— water  and  acetone— water 
mixtures  (Fig.  5). 

Replacement  of  ethyl  alcohol  by  an  equimolar  amount  of  isopropyl  alcohol  has  almost  no  influence  on  the 
course  of  the  reaction.  Mixtures  with  isopropyl  alcohol  are  somewhat  more  active;  for  example,  a  mixture  with 
isopropyl  alcohol  containing  20.9%  of  water  by  weight  (Curve  2)  acts  similarly  to  a  mixture  with  ethyl  alcohol 
containing  30%  of  water  by  weight  (Curve  3). 
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The  experiment  with  acetone— water  mixture  was  not  carried  out  under  comparable  conditions  (the  tem¬ 
perature  was  61*),  but  the  fact  that  oxidation  took  place  confirms  the  hypothesis  that  alcohol  and  acetone  merely 
serve  to  retard  the  process. 


Composition  of  Oxide  Films  for  Different  Initial  Water  Concen¬ 
trations  in  Mixtures  with  Alcohol 


Water  cone 

initial 

entration(%) 

final 

Final  volume  of 
hydrogen  (ml) 
under  standard 
conditions 

Number  of  moles 
of  water  of  con¬ 
stitution  per  mole 
of  Al^j 

i9.57 

17.98 

1440 

1.11 

20.9 

19.26 

1460 

0.954 

20.9 

19.57 

1385 

0.94 

30.52 

28.54 

1990 

0.66 

34.52 

32.37 

2385 

0.37 

34.62 

32.39 

2285 

0.65 

35.77 

32.02 

2360 

0.11 

35.77 

33.62 

2340 

0.28 

A 


Fig.  5.  Results  of  experiments  on  oxidation  of  aluminum  powder  in  water— isopropyl  alcohol 
and  water— acetone  mixtures;  A)  volume  of  liberated  hydrogen  under  standard  conditions 
(ml),  B)  time  (minutes):  solution  composition  (‘^fe) :  1)  water  30,  acetone  70;  2)  water  20.9, 
isopropyl  alcohol  79.1;  3)  water  30,  ethyl  alcohol  70. 


SUMMARY 

1.  Surface  oxidation  of  aluminum  powder  in  aqueous  alcohol  solutions  proceeds  in  three  stages:  electro¬ 
chemical  degreasing  of  the  powder  (induction  period),  active  oxidation  of  aluminum  (kinetic  period),  and  re¬ 
tardation  of  the  reaction  by  the  formed  oxide  film  (diffusional  period). 

2.  The  reaction  rate  and  the  thickness  and  composition  of  the  oxide  film  formed  are  determined  by  the 
concentration  of  water  in  the  mixture,  while  the  alcohol  acts  only  as  a  diluent  and  retarding  agent. 

3.  In  a  mixture  containing  35  wt.  %  of  water,  a  film  of  anhydrous  aluminum  oxide  is  formed.  Decrease 
of  the  water  concentration  in  the  solution  leads  to  an  increase  of  the  water  content  in  the  film.  With  20%  water 
in  the  solution  the  film  corresponds  to  boehmite  in  composition. 

4.  The  effects  of  temperature,  volume  of  solution,  and  time  of  storage  of  the  degreased  powder  on  the 
course  of  the  process  were  studied. 
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5.  Experiments  on  oxidation  of  aluminum  powder  in  mixtures  of  water  and  isopropyl  alcohol  and  water 
and  acetone  showed  that  the  organic  component  of  the  mixture  retards  the  reaction  in  all  cases. 
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EFFECT  OF  SULFUR  COMPOUNDS  ON  THE  CURRENT  EFFICIENCY 
FOR  MAGNESIUM  IN  THE  ELECTROLYSIS  OF  CARNALLITE 

S.  A.  Pushkareva 


It  has  long  been  known  that  magnesium  sulfates  present  as  impurities  in  carnallite  lower  the  current  ef¬ 
ficiency  in  electrolysis  [1].  This  problem  was  studied  quantitatively  by  Strokan  [2],  VasiTev  and  Popov  [3], and 
Rudnitskii  and  Tverdovskii  [4].  All  these  authors  state  that  the  possible  occurrence  of  a  reaction  of  the  type 

3MpO  -f-  MgS04  =  4MpO  |-  S, 

is  the  main  cause  of  the  decrease  of  current  efficiency.  However,  until  now  the  question  of  tlie  behavior  of 
sulfates  and  other  sulfur  compounds  in  the  electrolytic  production  of  magnesium  from  fused  salts  has  not  been 
studied  sufficiently. 

We  studied  current  efficiency  for  magnesium  in  electrolysis  of  MgClj  +  KCl  melts  in  relation  to  the  con¬ 
centrations  of  added  MgS04  and  MgS.  The  experiments  were  performed  in  a  laboratory  cell  which  consisted  of 
a  quartz  beaker  about  800  ml  in  capacity,  with  rod  electrodes  (Fig.  1).  The  anode  material  was  graphite,  and 
the  cathode  was  carbonaceous  iron.  The  distance  between  the  electrodes  was  about  2.5  cm.  The  cathode  area 
Sj,  was  8.8  cm* ,  and  the  anode  area  s^  was  9.6  cm*.  The  cunent  densities  were:  cathode,  ij,  =  0.57  amp/  cm*; 
anode,  ig=  0.52  amp/ cm*.  The  volume  current  density  in  the  electrolyte  i^  =  0.02  amp/ cm*.  The  anode  and 
cathode  spaces  were  separated  by  means  of  a  porcelain  tube  around  the  anode.  The  tube  was  75  cm  long  and 
*4  cm  in  diameter.  About  2%  by  weight  of  calcium  fluoride  was  added  to  the  electrolyte.  The  magnesium 
chloride  content  of  the  melts  was  in  the  27 -30‘7o  range.  The  electrolyte  temperature  was  maintained  at  700  ±5*. 

All  the  salts  were  dehydrated  by  the  usual  method  before  fusion.  Before  the  start  of  electrolysis  the  electro¬ 
lyte  was  conditioned  by  the  action  of  direct  current  at  i^.  =  0.1  amp/  cm*  for  30  minutes.  The  additive  to  be 
tested  was  introduced  into  the  electrolyte  after  this  treatment.  Each  experiment  on  determination  of  current  ef¬ 
ficiency  lasted  2-3  hours.  Gas  was  evacuated  from  the  anode  and  cathode  spaces  by  means  of  a  water-jet  pump. 

In  absence  of  impurities  the  current  efficiency  was  stable  at  about  83.5%.  Large  drops  of  magnesium  up 
to  1.5  cm  in  diameter,  which  wetted  the  iron  well,  were  formed  on  the  cathode  surface. 

The  magnesium  sulfate  concentration,  calculated  as  sulfur,  was  varied  from  0.01  to  0.825  wt.%i  the  sulfide 
concentration,  from  0.01  to  2.0%.  Good  reproducibility  of  current  efficiencies  was  found  for  each  of  the  impuri¬ 
ties  investigated.  The  experimental  data  are  plotted  in  Fig.  2  in  the  form  of  A  =  /(Cso^'s)  A  =  /(C5-2), 
where  A  is  the  current  efficiency;  the  concentrations  C  are  calculated  as  percentages  by  weight  of  atomic 
sulfur. 


When  magnesium  sulfide  was  introduced  into  the  melt  a  large  amount  of  sludge  was  formed.  The  sludge 
in  this  case  contained  MgS  in  addition  to  magnesium  oxide  and  elemental  sulfur. 

At  high  contents  of  sulfur  compounds,  the  cathode  became  coated  with  a  dark  loose  film  which  enveloped 
fine  droplets  of  magnesium. 

If  the  electrolyte  contained  1.5  -2.0%  SO4*  and  the  temperature  of  the  melt  before  immersion  of  the 
electrodes  was  low  (700*),  and  the  electrodes  were  cold  when  immersed,  a  solid  "pear"  formed  rapidly  on  the 
cathode.  This  "pear"  was  a  gray  mass  permeated  with  minute  droplets  of  magnesium.  It  consisted  of  the 
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Fig.  1.  Electrolytic  cell  for  investigation  of 
the  effect  of  additions  of  sulfur  on  current  ef¬ 
ficiency  for  magnesium  in  electrolysis  of  car- 
nallite. 


electrolyte  and  magnesium  sulfide.  After  its  formation, the  cell 
voltage  rose  sharply  while  the  current  fell.  Under  the  "pear" 
the  cathode  was  covered  with  a  layer  of  metallic  magnesium. 
The  current  efficiency  for  magnesium  fell  to  zero.  This  "pear" 
could  not  be  melted  even  if  the  electrolyte  temperature  was 
raised  to  800-820". 

In  the  course  of  electrolysis  in  presence  of  magnesium 
sulfates  and  sulfides  the  electrolyte  acquired  an  azure  or  blue 
color.  The  color  intensity  increased  with  increase  of  the  SO4* 
content  up  to  0. 9-1.0  wt.^.  Oi  further  increase  of  the  sulfate 
concentration  the  color  became  somewhat  weaker.  It  should 
also  be  noted  that  the  color  was  not  always  uniformly  distributed 
through  the  melt.  When  the  electrolyte  cooled, its  blue  color 
changed  to  gray,  but  reappeared  on  remelting.  The  blue  color 
became  noticeable  when  the  SO4*  content  reached  0.05-0.1 
wt.%.  The  blue  color  generally  reduced  the  transparency  of  the 
melt,  but  in  some  cases  the  melt  remained  transparent  and  a 
sludge  with  a  bluish  tinge  formed  at  the  bottom  of  the  cell. 

This  happened  when  the  melt  had  a  high  content  (0.5-0.6*70) 
of  magnesium  oxide. 

A  series  of  experiments  was  carried  out  to  determine  the 
cause  of  coloration  of  the  melts  during  electrolysis.  These  ex¬ 
periments  were  performed  with  fused  chlorides  in  quartz  tubes 
without  application  of  direct  current.  Several  experiments 
were  carried  out  in  an  atmosphere  of  argon  a  carbon  dioxide. 
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Fig.  2.  Variation  of  current  efficiency  with  sulfur  concentra¬ 
tion:  A)  current  efficiency  (‘7>),  B)  sulfur  concentration  (wt. *7o): 
additions:  I)  MgS04,  II)  MgS. 


The  chlorides  were  subjected  to  qualitative  chemical  analysis  for  SO 4^,  SO3"*  ,  S2O3"*  ,  S‘*  ions  [5] 
during  the  investigations. 

The  results  may  be  summarized  as  follows. 

1.  Addition  of  magnesium  sulfate  to  a  melt  of  MgClj  +  KCl,  free  from  metallic  magnesium,  or  in  pres¬ 
ence  of  magnesium  at  temperatures  below  650",  did  not  produce  a  blue  color.  The  color  appeared  only  in 
presence  of  melted  magnesium,  i.e..at  temperatures  above  650". 

2.  Addition  of  magnesium  sulfites  or  thiosulfates  to  a  melt  of  MgClj  +  KCl,  free  from  magnesium  at 
700"  in  an  atmosphere  of  air,  argon,  or  CO2  resulted  in  rapid  appearance(within  a  few  minutes)  of  a  blue  color. 


1080 


The  color  was  more  intense  in  an  inert  atmosphere.  Qualitative  analysis  of  the  salt  after  the  experiment  showed 
absence  of  SOs'*,  SO4*  and  S"*  ions.  Elemental  sulfur  was  deposited  on  the  walls  of  the  quartz  tubes  in  the 
experiments  in  an  inert  atmosphere.  In  ain sulfur  was  not  liberated,  but  the  formation  of  sulfur  dioxide  was 
detected  (by  smell). 

3.  If  elemental  sulfur  was  added  to  the  melt  a  blue  color  appeared,  which  gradually  weakened,  even  if 
the  melt  did  not  contain  metallic  magnesium. 

4.  On  addition  of  a  small  amount  of  finely  divided  magnesium  oxide  to  a  colored  melt, the  color  disap¬ 
peared,  but  a  colored  sludge  formed  on  the  bottom  of  the  tube. 

All  these  experiments  were  easily  reproducible. 

These  results  lead  to  quite  definite  conclusions  concerning  the  behavior  of  sulfur  compounds  in  chloride 
melts  during  electrolysis. 

First,  the  results  of  qualitative  chemical  analysis  show  that  in  presence  of  liquid  magnesium  In  the  elec¬ 
trolyte  no  appreciable  amounts  of  503"*,  804'*  and  5203"*  ions  can  be  detected  after  introduction  of  sulfate 
into  the  melt.  This  suggests  that  all  these  compounds  yield  elemental  sulfur  in  the  melt.  This  may  occur  by 
the  reaction 

-I-  3Me  +  SO4  -2  '.MgO  s, 

where  the  reducing  agent  is  probably  dissolved  magnesium,  as  this  reaction  does  not  occur  in  presence  of  the 
solid  metal.  The  standard  free  energy  change  in  this  reaction  at  700*  [6]  is  Ap^*  *—  267169  kcal/mole.  In 
other  words.  Equilibrium  (a)  must  be  shifted  completely  to  the  right. 

When  sulfites  and  thiosulfates  are  added  to  chloride  melts  they  probably  also  decompose  thermally  with 
liberation  of  elemental  sulfur. 

Magnesium  sulfide  may  react  at  700*  with  atmospheric  oxygen  and  with  chlorine  liberated  by  electrolysis: 


MgS  +  CI2  MgCla  +  S 

(b) 

MgS  -f  1  V2O2  MgO  -f  SOa 

(c) 

SO2  -f  2Mg  iz!:  2MgO  +  S. 

(d) 

The  standard  free  ertergy  changes  in  these  reactions  (from  left  to  right)  ate  respectively: 

=  —35918  kcal/  mole 

=  — 113  300  kcal/mole 
c 

AFd®  =  —1 72  000  kcal/  mole 

All  this  indicates  that  when  sulfates  and  sulfides  are  introduced  into  the  melt  they  decompose  under  the 
action  of  metallic  magnesium,  chlorine,  and  air  with  liberation  of  elemental  sulfur.  Because  of  the  poor  solu¬ 
bility  of  MgS  in  the  chloride  melt,some  of  the  sulfide  passes  into  the  sludge.  The  data  below  give  some 
indication  of  the  distribution  of  magnesium  sulfide  during  electrolysis. 

Magnesium  Sulfide  Balance  in  the  Cell 

Intake  Yield 

Passed  into  sludge  2.81  g  70.2% 

Remained  in  electrolyte  as  sulfur  0.12  g  3.0% 

Passed  to  cathode  and  decom¬ 
posed  during  electrolysis  owing 

to  combustion  of  sulfur _ 0.70  g*  26.8% 

Total  4.00  100% 

*  As  in  original  -Publisher's  note. 


Put  into  cell  before  the  experiment 
4.000  g  100% 
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Apparently  it  is  the  elemental  sulfur  that  colors  the  electrolyte.  Despite  the  high  temperature  (the  boiling 
point  of  sulfur  is  441*)  sulfur  volatilizes  slowly  from  the  melt,  probably  owing  to  the  molecular  structure  of  the 
melted  sulfur.  It  should  be  assumed  that  the  sulfur  does  not  remain  in  the  melt  in  the  form  of  individual  atoms, 
but  forms  polymers  of  the  Sq  type,  with  high  surface  activity.  Such  polymers  can  apparently  be  adsorbed  by 
magnesium  oxide  and  taken  with  it  into  the  sludge,  as  was  found  in  several  experiments.  It  is  still  not  clear 
whether  the  sulfur  in  chlorides  is  in  the  form  of  a  true  or  a  colloidal  solution. 

The  weaker  influence  of  sulfide  as  compared  with  sulfate  on  the  current  efficiency  is  probably  attribut¬ 
able  to  the  low  solubility  of  magnesium  sulfide,  which  limits  the  concentration  of  the  harmful  impurity  in  the 
melt  . 
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ELECTROLYTES  FOR  ELECTROCHEMICAL  POLISHING  OF  STEEL 
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A  fairly  large  number  of  electrolytes  for  electrochemical  polishing  of  steel  has  been  proposed,  but  most 
of  them  are  not  used  in  practice.  The  most  widely  used  in  industry  are  electrolytes  containing  phosphoric  and 
sulfuric  acids  and  chromic  anhydride  [1-2],  However,  these  electrolytes  also  have  a  number  of  serious  disad¬ 
vantages  which  restrict  the  use  of  electrochemical  polishing  in  industry. 

One  disadvantage  of  these  electrolytes  is  the  high  content  of  the  costly  and  scarce  orthophosphoric  acid. 

For  electrochemical  polishing  of  carbon  steel, an  electrolyte  of  the  following  composition  has  been  recommended 
[4]  (in  wt.%)  :H8P04  65,  H2SO4  15,  CrOs  6,  HjO  14j  this  contains  4.3  times  as  much  orthophosphoric  as  sulfuric 
acid. 

Another  important  disadvantage  of  such  electrolytes  is  the  need  to  operate  at  high  temperatures.  This 
causes  changes  in  the  concentration  (owing  to  evaporation  of  water)  and  polishing  properties  of  the  solution,  and 
leads  to  corrosion  of  the  lead  cathode  and  the  cell  linine.  All  this  has  an  adverse  effect  on  the  polishing  proper¬ 
ties  of  the  electrolyte  [2].  The  use  of  hot  solutions  is  inconvenient,  involves  the  use  of  heat-resisting  equipment, 
and  is  accompanied  by  additional  expenditure  of  power  and  evaporation  of  solution  components  harmful  to  health. 

The  main  disadvantage  of  these  electrolytes,  which  is  the  chief  obstacle  to  the  extensive  use  of  electro¬ 
chemical  polishing  of  steel  in  industry,  is  their  short  service  life.  They  become  unserviceable  and  require  re¬ 
newal  [2,3,5]  after  the  passage  of  50-120  amp-hr  per  liter.  Therefore  a  number  of  investigations  have  been 
concerned  with  further  studies  and  improvement  of  sulfuric— phosphoric— chromic  acid  electrolytes  with  the  aim 
of  increasing  their  service  life,  but  no  results  of  practical  value  have  been  obtained  as  yet.  Moreover,  increase 
of  their  service  life  does  not  remove  the  other  serious  defects  of  these  electrolytes.  Therefore  such  investigations 
are  accompanied  by  searches  for  new  electrolytes  for  electrochemical  polishing  of  steel. 

The  favorable  effects  of  inhibitors  on  electrochemical  polishing  of  metals  are  generally  known  and  have 
been  noted  by  us  earlier  [6].  The  inhibitor  "Unikol"  was  recommended  by  Balezin,  Barannik,  andPutilova  [7] 
as  an  additive  to  pickling  liquors  containing  sulfuric  and  hydrochloric  acid,  which  hinders  dissolution  of  the 
metal  in  them  but  does  not  prevent  dissolution  of  rust.  Unikol  has  not  been  previously  suggested  as  an  additive 
to  solutions  for  electrochemical  polishing  of  metals.  However,  pickling  liquors  containing  this  inhibitor  can  be 
used  for  removing  rust  even  from  polished  objects,  not  strongly  rusted,  without  detriment  to  the  polish  [7].  It 
was  therefore  reasonable  to  test  the  effectiveness  of  this  inhibitor  in  electrochemical  polishing.  Preliminary 
tests  showed  that  additions  of  Unikol  to  mixtures  of  sulfuric  and  phosphoric  acids  have  a  very  favorable  effect 
on  electrochemical  polishing  of  steel  in  such  solutions;  it  extends  the  range  of  acid  mixture  compositions  suit¬ 
able  for  electrochemical  polishing  of  steel,  and  it  lowers  the  necessary  and  optimum  current  density  and  solution 
temperature  needed  for  electrochemical  polishing  of  steel  in  such  solutions. 

The  present  work  was  concerned  with  a  study  of  the  conditions  of  electrochemical  polishing  of  steel  at 
room  temperature  in  mixtures  of  sulfuric  and  phosphoric  acids  of  different  compositions,  with  and  without  added 
Unikol  MN-10. 
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EXPERIMENTAL 

The  first  of  these  experiments  were  performed  on  ShKh-15  high-carbon  steel.  The  experimental  condi¬ 
tions,  apparatus,  amount  of  electrolyte  in  the  beaker  used  as  the  cell,  steel  specimens,  their  structure,  dimen¬ 
sions,  and  preparation  were  all  the  same  as  before  [6].  The  only  difference  was  that  instead  of  a  copper  cathode 
a  lead  cathode  of  the  same  size  and  shape  was  used. 

In  mixtures  of  sulfuric  and  phosphoric  acid  without  inhibitor,high-carbon  steel  is  not  electropolished  to  a 
mirror-bright  surface  at  18-25*.  Under  these  conditions, high-carbon  steel  is  electropolished  only  when  treated 
in  an  acid  mixture  containing  (wt.%):  H3PO4— 70,  H2S04“  20,  H2O  —  10.  In  electrolytes  consisting  of  the  same 
acids  with  added  Unikol, high-carbon  steel  is  electropolished  under  the  same  conditions,  at  acid  mixture  com¬ 
positions  comprising  a  whole  region  of  the  H3PO4  —  H2SO4-H2O  ternary  diagram.  The  optimum  addition  of 
Unikol  is  about  2.5%  by  volume  on  the  acid  mixture. 

We  tested  electrolytes  consisting  of  sulfuric  and  phosphoric  acid  mixtures  of  different  compositions  and 
concentrations,  with  additions  of  Unikol  MN-10  (2.5%  on  the  volume  of  the  acid  mixture).  The  steel  was  treated 
at  18-25*  in  unstirred  and  stirred  electrolytes  at  current  densities  of  10,  25,  50,  75,  and  100  amp/ dm*  for  5  or 
10  minutes.  The  results  are  plotted  in  a  triangular  diagram  and  summarized  in  Table  1.  The  region  of  acid 
mixtures  corresponding  to  electrolytes  in  which  high -carbon  steel  is  electropolished  under  the  stated  conditions 
is  crosshatched  on  the  triangular  diagram.  Double  crosshatching  indicates  the  region  of  optimum  compositions 
of  acid  mixtures,  corresponding  to  electrolytes  with  the  best  polishing  power. 

TABLE  1 

Optimum  Compositions  of  Acid  Mixtures  and  Current  Densities  Tested  for 
Electropolishing  of  High-Carbon  Steel  (ShKh-15)  in  Electrolytes  Consisting 
of  These  Mixtures  with  Added  Unikol  MN-10  (2.5%  by  Volume  on  the  Acid 
Mixture  Taken) 


Composition  of  acid  mixture  (wt.  % 

Current  density  Dg 

(amp/ dm*  ) 

ll,SO, 

11,0 

polishing* 

nonpolishing 

70 

20 

10 

25,  50 

10,  75, 100 

60 

30 

iO 

25,  50,  75,100 

10 

50 

40 

10 

50,  75, 100 

10, 25 

75 

10 

15 

50,  75 

10, 25, 100 

65 

20 

15 

50.  75 

10, 2.5, 1(X) 

55 

30 

15 

50, 75,  100 

10,  25 

/(5 

40 

15 

75, 100 

10,  25, 50 

35 

50 

15 

75, 100 

10, 25,  50 

30 

50 

1 

20 

75, too 

10,  25,  50 

*  The  optimum  current  density  for  electropolishing  in  a  given  electro 
lyte  is  shown  in  heavy  type. 


It  follows  from  these  results  that  the  best  electrolytes  for  electropolishing  of  high-carbon  steel  at  18-25* 
contain  30-75  wt.  %  H3PO4,  10-50  wt.  %H2S04,  10-15  wt.  %H20,  and  2.5%(volume/ volume)  of  Unikol. 

The  current  densities  at  which  high-carbon  steel  is  electropolished  in  the  electrolytes  of  optimum  com¬ 
position  are  given  in  Table  1.  It  follows  from  this  table  that  the  polishing  and  optimum  polishing  current  densi¬ 
ties  vary  with  the  electrolyte  composition.  Comparison  of  the  diagram  and  Table  1  reveals  a  regularity  in 
these  variations. 

As  we  pass  in  the  triangular  diagram  from  left  to  right  along  the  horizontal  lines  corresponding  to  constant 
H2SO4  contents  from  solutions  containing  10%  water  to  solutions  containing  15%  water,  the  optimum  current 
density  increases.  This  is  caused  by  the  increase  of  water  content,  although  the  phosphoric  acid  content  also 
changes.  For  an  electrolyte  of  the  composition  10%H2O,  70%H3PO4  and  20%H2SO4,the  polishing  current 
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densities  are  25  and  50  amp/  dm*,  and  for  an  electrolyte  of  the  composition  15%H20,  65%HjP04  and  20%H2SO4 
(toward  the  right  along  the  same  horizontal  line  in  the  diagram)  the  polishing  current  densities  are  50  and  75 
amp/ dm*.  This  cannot  be  attributed  to  a  lower  content  of  phosphoric  acid  in  the  electrolyte,  as  in  the  transi¬ 
tion,  in  the  same  region  of  the  diagram,  from  the  first  solution  named  above,  containing  70%H3PO4,  to  a  solution 
containing  the  same  amount  of  water  (10%)  and  less  H3PO4  (60%)  the  range  of  polishing  current  densities  extends, 
owing  to  the  increase  of  H2SO4  content,  to  higher  current  densities  but  the  optimim  current  density  remains  the 
same  —  50  amp/ dm*.  As  we  pass  from  this  last  solution  to  a  solution  containing  50%H2O  and  55%H3P04  (toward 
the  right  along  the  same  horizontal  line  in  the  diagram),  both  the  polishing  and  the  optimum  current  densities, 
as  Table  1  shows,  are  displaced  toward  higher  values  (the  optimum  values  are  75  and  100  amp/ dm*).  The  same 
is  found  for  the  next  horizontal  line,  corresponding  to  solutions  containing  40%H2SO4,  in  the  transition  from  a 
solution  containing  10%HiO  and  50%H3PO4,  for  which  the  polishing  current  densities  are  50,  75,  and  100  amp/ 
dm*  and  the  optimum  is  75  amp/  dm*,  to  a  solution  containing  15%  HjO  and  45%  H3PO4,  for  which  the  polishing 
current  densities  are  75  and  100  amp/ dm*,  and  the  optimum  is  100  amp/ dm*. 

These  observations  were  confirmed  by  an  experiment  with  direct  dilution  of  the  electrolyte,  when  the 
relative  proportions  of  the  acids  were  unchanged.  The  optimum  current  density  for  electropolishing  in  an  elec¬ 
trolyte  of  the  composition  (wt.  %) :  H3P04“  70,  H2SO4—  20,  H2O  —  10  and  2.5%  (volume/  volume)  of  Unikol 
MN-10  was  50  amp/ dm*.  When  15%  of  water  (volume/  volume)  was  added  to  this  electrolyte,  so  that  the  total 
water  content  in  the  electrolyte  apart  from  the  water  introduced  with  the  Unikol,  became  19  wt.%,  the  optimum 
current  density  rose  to  75  amp/  dm*.  It  follows  that  for  solutions  of  optimum  composition  1  the  optimum  current 
density  for  electropolishing  increases  with  increase  of  water  content. 


Composition  of  acid  mixtures  in  electrolytes  for  electropolishing  of  high- 
carbon  ShKh-15  steel  at  18-25*,  with  addition  of  Unikol  MN-10  (2.5% 
volume/  volume):  1)  acid  mixtures  for  electrolytes  suitable  for  electro - 
polishing,  2)  acid  mixtures  for  electrolytes  of  the  best  polishing  power. 
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As  we  pass  in  the  region  of  solutions  of  optimum  composition  (see  diagram)  along  lines  of  constant  water 
content  (10  and  15% ),  there  is  also  a  regularity  in  the  variation  of  the  polishing  and  optimum  electropolishing 
current  densities  .  Electrolytes  containing  60-70  wt.  %  phosphoric  acid  and  10-15  wt.  %  water  are  the  best  with 
regard  to  current  density,  i.e.,  they  have  the  lowest  current  densities  for  best  electropolishing.  It  follows  from 
Table  1  that  the  optimum  current  density  for  electropolishing  in  these  solutions  is  50  amp/ dm*,  whereas  for 
solutions  with  higher  and  lower  contents  of  phosphoric  acid  the  optimum  current  densities  are  higher. 

Investigations  performed  specially  with  solutions  of  the  optimum  composition  with  regard  to  current  den¬ 
sity  showed  that  with  them  the  optimum  current  densities  are  less  than  50  amp/ dm*,  and  are  close  to  35  amp/ dm*, 
but, as  in  the  mass  trials  performed  with  all  the  other  solutions,  polishing  power  was  tested  only  at  current  den¬ 
sities  of  10,  25,  50,  75  and  100  amp/ dm*,  only  these  values'  are  given  in  Table  1  for  the  current  densities  test¬ 
ed  for  electropolishing.  It  must  also  be  pointed  out  that  these  data  refer  to  freshly  prepared  solutions  which  had 
been  used  little.  With  increasing  use  of  the  solutions  the  optimum  polishing  current  densities  decrease  some¬ 
what,  but  not  as  much  as  was  noted  [2]  with  sulfuric — phosphoric— chromic  acid  electrolytes.  The  polishing 
power  of  used  electrolytes  is  better  than  that  of  freshly  prepared. 

A  film  is  visible  on  the  polished  surfaces  in  electropolishing  in  hot  electrolytes,  but  this  is  not  observed  if 
the  electrolyte  is  warmed  gently  to  30-35".  Therefore  at  high  current  densities  the  electrolyte  must  be  cooled 
and  stirred.  However,  since  the  polish  is  somewhat  less  good  in  stirred  electrolytes  and  a  longer  treatment  is 
needed,  stirring  may  be  performed  at  intervals  or  only  at  the  start  of  the  treatment.  For  example,  with  a  total 
electropolishing  time  of  5  minutes,  the  electrolyte  may  be  stirred  continuously  or  intermittently  during  the  first 
3-4  minutes,  and  left  unstirred  during  the  last  1-2  minutes.  All  the  investigated  electrolytes  are  stable  on 
keeping,  and  their  service  life  is  considerably  longer  than  that  of  sulfuric— phosphoric— chromic  acid  electrolytes. 

In  addition  to  ShKh-15  high-carbon  steel  used  in  these  investigations, other  carbon  and  stainless  steels  can 
be  electropolished  in  electrolytes  consisting  of  sulfuric  and  phosphoric  acids  with  added  Unikol  at  18-25*.  The 
conditions  of  electropolishing  of  stainless  steel  in  these  electrolytes  were  studied  in  greater  detail  with  specimens 
of  lKlil8N9T  chromium  —nickel  steel.  Specimens  in  the  form  of  rods  5  mm  in  diameter  were  immersed  vertic¬ 
ally  in  the  electrolyte  to  a  depth  of  18  mm,  so  that  their  treated  surface,  as  for  the  high-carbon  steel  specimens, 
was  0.03  dm*.  All  the  other  conditions  were  as  before.  The  results  of  these  tests  are  given  in  Table  2. 

TABLE  2 

Compositions  of  Acid  Mixtures  and  Current  Densities  Tested  in  Electropolishing  of 
Stainless  Steel  at  18-25*  in  Electrolytes  Consisting  of  These  Mixtures  without  Add¬ 
itives  and  with  Addition  of  Unikol  MN-10  (2.5%  Volume/ Volume) 


Composition  of  acid 
mixture  (wt.  %) 

Acid  mixture  without  addition 

Acid  mixture  with  added 
Unikol  MN-10 

1 

1 

Current  density  Dg  (amp/ dm*) 

II]() 

polishing*  | 

nonpolishing  | 

polishing*  [nonpolishing 

70 

20 

10 

1 

50,  75,  100 

10. 25 

20,25,50,  7.5,  100 

10 

60 

30 

10 

75,  100 

10,  25.  .50 

25,50,75,  100 

10 

50 

40 

10 

75,  100 

10,  25,  .50 

50,  75, 100 

10.  25 

iO 

50 

11) 

— 

10.  25,  .50.  75.  100 

.50,  75.  100 

10,  25 

75 

10 

15 

50, 75.  100 

10,25 

25, 50 

10,7.5, 100 

65 

20 

15 

.50,  75.  100 

10,25 

25,  50.  75,  100 

1(i 

55 

30 

15 

75, 100 

10,  25,50 

.50,  75,  100 

10,  25 

45 

40 

15 

— 

10,  25,  .50,  75. 100 

50,  75,  100 

10,  25 

35 

50 

15 

— 

10,25,50,  75. 100 

.50,  75.  100 

10,  25 

25 

60 

15 

— 

10,  25.  .50,  75. 1O0 

.50.  75,  100 

10, 2.5 

60 

20 

20 

25. 50,  75,  100 

10 

25,  .50,  75,  1 00 

10 

50 

30 

20 

25,  .50.  75.  100 

10 

25,, 50,  75.  100 

10 

40 

40 

1 

20 

10,  25.50.75. 10(1 

75.  100 

10, 25.  .50 

’The  optimum  current  density  for  electropolishing  in  a  given  electrolyte  is 
shown  in  heavy  type. 
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It  is  clear  from  these  data  that  Unikol  also  has  a  favorable  effect  in  the  electropolishing  of  stainless  steel, 
which  can  be  polished  at  lower  current  densities  than  high-carbon  steel  in  electrolytes  containing  sulfuric  and 
phosphoric  acids  and  Unikol.  The  electrolytes  of  optimum  composition  with  regard  to  current  density  (25  amp/ 
dm^)  for  electropolishing  of  stainless  steel  are  contained  in  the  triangular  diagram  (see  figure)  within  the  triangle 
formed  by  solutions  with  60-7570  phosphoric  acid  and  10%  water  and  the  solution  containing  6 07o  phosphoric  acid 
and  20%  water. 

The  inhibitor  Unikol  PB-5,  a  condensation  product  of  aniline  and  urotropine  [8],  is  now  being  produced  in¬ 
dustrially  and  is  used  for  retardation  of  dissolution  of  steel  in  hydrochloric  acid.  Instead  of  Unikol  MN-10,  the 
same  amounts  of  Unikol  FB  -  5,  may  be  added  to  our  recommended  electrolytes.  The  measured  quantity  of 
Unikol  PB-5  is  first  dissolved  in  a  small  amount  of  dilute  sulfuric  acid  (to  prevent  overheating  the  solution  must 
be  cooled  in  the  process),  and  this  amount  of  acid  must  be  taken  into  account  in  the  composition  of  the  acid 
mixture;  or  it  may  be  dissolved  in  the  acid  mixture  (warmed  to  not  over  60*)  taken  for  preparation  of  the  elec¬ 
trolyte. 


SUMMARY 

1.  Carbon,  high-carbon,  and  stainless  steels  can  be  electropolished  at  18-25“  in  electrolytes  consisting  of 
mixtures  of  sulfuric  and  phosphoric  acids  with  added  inhibitor  —  Unikol  MN-10  or  PB-5. 

Addition  of  Unikol  extends  the  range  of  acid  mixtures  suitable  for  electropolishing  of  steel  and  lowers  the 
necessary  and  optimum  current  densities  and  solution  temperature.  The  optimum  amount  of  Unikol  is  2.57o  by 
volume  on  the  acid  mixture. 

2.  For  the  best  electrolytes  for  electropolishing  of  high -carbon  steel  the  composition  of  the  acid  mixtures 
corresponds  to  50-75  wt.7oof  phosphoric  acid  (with  correspondingly  40-15%  sulfuric  acid)  and  10  wt.  7o  water, 
and  35-75  wt.  T*  phosphoric  acid  (with  correspondingly  50 -107o  sulfuric  acid)  and  157o  water.  Of  these  electro¬ 
lytes  the  best  with  regard  to  current  density  are  those  in  which  the  composition  of  the  acid  mixtures  is  limited 
by  60-70  wt.  7o  phosphoric  acid  with  10-15  wt.  %  water.  The  optimum  current  density  for  electropolishing  of 
high-carbon  steel  in  these  electrolytes  is  35-50  amp/  dm^. 

3.  The  composition  of  electrolytes  for  electropolishing  of  stainless  steel  may  be  varied  over  a  wider  range. 
For  electropolishing  of  stainless  steel  the  best  electrolytes  with  regard  to  current  density  are  those  in  which  the 
composition  of  the  acid  mixtures  is  limited  by  60-7570  phosphoric  acid  with  107«>  water,  and  60%  phosphoric  acid 
with  207o  water.  The  optimim  current  density  for  electropolishing  of  stainless  steel  in  these  electrolytes  is  25 
amp/  dm*. 

4.  The  electrolytes  described  in  this  paper  have  a  number  of  advantages  over  sulfuric  -phosphoric  — 
chromic  acid  electrolytes:  a  much  longer  service  life,  the  use  of  room  temperatures  for  polishing,  and  lower 
corrosiveness,  so  that  cheap  and  available  metals  and  nonmetallic  materials  may  be  used  for  cathodes  and  tank 
linings. 
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THE  CAUSE  OF  LUSTER  IN  ELECTROLYTIC  NICKEL  DEPOSITS 


A.  V.  Pamfilov  and  R.  M.  Morgan 
Laboratory  of  Physical  Chemistry,  Chernovits  University 


Many  authors  consider  that  the  cause  of  luster  in  electrolytic  deposits  is  their  orientation  texture  [1-5]. 
However,  very  often  no  direct  relationship  between  luster  and  orientation  texture  of  deposits  can  be  detected 
[2].  According  to  Gorbunova  [3],  in  presence  of  the  [100]  texture  axis,  when  (with  metals  crystallizing  in  the 
cubic  system)  cube  faces  project  onto  the  surface  of  the  deposit,  a  much  higher  luster  is  probable  than  in  pres¬ 
ence  of  other  texture  axes,  especially  [111],  when  three-sided  corners  should  project  onto  the  surface.  However, 
Arkharov  [4]  found  that  chromium  deposits  have  higher  luster  with  this  last  texture  axis. 

Most  of  the  cited  investigations  were  concerned  with  the  texture  of  deposits  formed  under  various  definite 
electrolysis  conditions.  We  used  the  x-ray  method  for  studying  a  large  number  of  nickel  deposits  of  greatly  varying 
degrees  of  luster,  deposited  from  baths  without  additives,  with  different  sulfur-containing  additives,  with  changes 
in  the  direction  of  the  current  in  the  cell,  and  with  variations  of  the  electrolysis  conditions.  The  electrolyte 
used  had  the  following  composition  (in  g/ liter):  NiSO^  •  THjO  200,  NiCl2  •  6H2O  15,  H3BO3  30. 

The  direction  of  the  preferred  orientation  was  determined  by  the  Fblanyi  method,  modified  by  Palatnikov 
[5],  The  x-ray  patterns  were  taken  by  the  ’’polished  section"  method  in  a  Debye  camera  57  mm  in  diameter 
and  60  mm  high.  The  degree  of  perfection  of  the  texture  was  estimated  on  a  four-point  scale  by  comparison 
of  the  breadth  and  intensity  of  the  interference  spots  on  the  x-ray  patterns. 

The  texture  was  studied  in  deposits  formed  in  presence  of  various  sulfur -containing  brighteners  [6].  In  the 
case  of  thiamine  hydrobromide  as  additive, the  texture  of  deposits  formed  under  a  great  variety  of  electrolysis 
conditions  was  studied.  The  texture  of  deposits  formed  from  the  same  bath  without  additives  under  analogous 
electrolysis  conditions  was  studied  for  comparison.  The  texture  was  studied  in  deposits  of  two  different  thick¬ 
nesses  —  10  /i  and  60/i  —  formed  at  three  different  electrolysis  temperatures  —  20,  40,  and  60"  —  and  at  dif¬ 
ferent  pH  values.  In  addition,  x-ray  patterns  of  deposits  formed  with  changes  in  the  direction  of  the  current 
were  obtained.  Luster  was  estimated  by  comparison  of  the  specimens  with  standards  on  a  10 -point  scale  [7]. 

The  specimens  were  placed  in  such  a  manner  that  the  x-ray  beam  fell  in  the  center  of  the  specimen.  Accord¬ 
ingly,  if  the  luster  distribution  was  irregular  over  the  surface,  data  on  the  luster  are  also  given  for  the  center  of 
the  specimen. 

Table  1  contains  data  on  luster,  texture  axes,  and  extent  of  orientation  of  deposits  formed  in  presence 
of  various  sulfur-containing  additives. 

It  follows  from  Table  1  that  the  texture  axes  [100],  [112],  [112],  [120]  and  [112],  [120],  [100]  were  found 
for  all  deposits  with  luster  in  the  range  of  7-10,  with  a  great  variety  in  the  extent  of  orientation,  and  also  with 
total  disorientation. 

For  deposits  lOp  thick,  formed  from  a  bath  without  additives  at  20“  and  D^.  =  1  amp /dm*,  the  mixed 
texture  axis  [120],  [112]  is  characteristic  at  low  pH  values,  and  also  the  [120]  and  [110]  directions  at  lower 
acidities.  At  the  greatestcurrent  density  D^,  =  4  amp/dm*  the  [110]  texture  axis  predominates,  supplemented 
in  some  instances  by  the  [120]  direction.  At  pH  =  3.0  the  [120]  texture  axis  is  characteristic,  supplemented  at 
low  current  densities  by  the  [112]  axis.  At  pH  =  5.0  the  [120]  texture  axis  generally  predominates,  and  the  [100] 
axis  is  found  only  at  a  low  current  density  —  0.5  amp/  dm^.  The  extent  of  orientation  in  general  diminishes 
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TABLE  1 

Luster,  Type  and  Degree  of  Perfection  of  Texture  of  Specimens  Formed  in  Presence  of 
Additives  at  t  =  20*  and  pH  =  5.0 


Goncen- 

Dc 

Texture 

Per  fee- 

Additive 

tration 

amp/ 

dm*) 

Luster 

axis 

tion  of 

(g/ liter) 

texture 

Sodium  2-(p-aminobenzenesulfon- 
amido)thiazole 

0.2 

2 

9—10 

1 

[1121 

1 

Thiourea 

0.2 

9 

IKK)] 

3 

Butylthiouronium  bromide 

0.1 

3 

9—10 

(100] 

1 

1 

1112) 

2-Methyl -N-ethylbenzothiazole-p- 

0.2 

9 

(120| 

toluenesulfonate 

1 

|1(H)| 

4 

Sodium  thiosulfanate 

o.or. 

0.5 

7 

— 

0 

Potassium  thiocyanate 

0.025 

10 

|I12| 

[120] 

3 

Thioindigo  Red  S 

1 

2  1 

.S— 9 

0 

Thioindigo  bright  rose  J 

1 

2 

10 

— 

0 

Sulfur  black 

1 

s 

|112j 

|120| 

Sulfur  sky  blue 

1 

9 

1  0 

Sulfur  blue 

1 

1 

S 

[1(K)| 

1 

Sulfur  brown 

Sus- 

1 

s 

0 

Etazol 

pen- 

3 

10 

[112] 

2 

Thiosalicylic  acid 

sion 

4 

10 

0 

[1121 

Dithiooxamide 

4 

9 

[120] 

2 

[100] 

[1121 

Nickel  sulfide 

3 

10 

[1201 

•) 

! 

[1(M)1 

with  increase  of  current  density.  However  this  is  only  true  for  a  definite  and  unchanging  texture  axis.  In  the 
transition  to.  a  new  type  of  texture  with  increase  of  current  density  the  extent  of  orientation  may  be  less  than 
with  the  preceding  type.  The  texture  becomes  simplified  on  increase  on  thickness  of  the  deposit  to  60p,  i.e., 
mixed  texture  axes  are  less  common.  The  [100]  texture  axis  is  met  more  frequently,  especially  at  relatively 
low  current  densities  and  at  higher  electrolyte  acidities.  On  increase  of  temperature  to  40®  the  [100]  texture 
direction  becomes  predominant  in  deposits  bothto  10/iand  60  fi  thick;  at  relatively  high  current  density  the 
[110]  texture  axis  appears,  and  with  electrolytes  at  low  acidity  (pH  =  6.0),  also  the  [112]  texture  axis.  At  60* 
the  mixed  [120],  [112]  direction  appears  in  addition  to  the  [100],  [110],  and  [112]  texture  axes.  With  increase 
of  current  density  and  pH, the  [100]  direction  passes  into  [112],  often  by  way  of  the  mixed  [120],  [112]  texture 
axis.  The  [110]  texture  axis  is  characteristic  at  high  current  densities  “  15-18  amp/ dm^.  The  extent  of  orienta¬ 
tion  at  40  and  60®,  as  at  20®,  usually  increases  with  current  density. 

For  specimens  10  thick,  formed  at  20®  in  a  bath  containing  0.05  g  of  thiamine  hydrobromide  per  liter, 
the  [120],  [112]  and  [120],  [112],  [100]  mixed  texture  axes  are  characteristic  in  most  cases.  The  extent  of 
orientation  passes  through  a  maximum  with  increase  of  current  density  at  low  electrolyte  acidities.  The  extent 
of  orientation  first  falls  and  then  rises  with  decrease  of  acidity.  In  deposits  OOp  thick  there  was  either  total 
disorientation,  or  orientation  exclusively  along  the  [120],  [112]  axes,  of  a  very  high  degree  of  perfection.  At 
40®  the  [100]  and  [112]  texture  axes  are  characteristic.  The  latter  is  more  frequent  in  deposits  60fi  thick.  The 
extent  of  orientation  as  a  rule  increases  with  current  density.  It  is  significant  that  with  increase  of  temperature 
from  20  to  40®  the  extent  of  orientation  diminishes,  and  the  texture  axes  approach  those  found  in  deposits  formed 
in  dull  baths.  At  60®  the  [100]  texture  axis  becomes  predominant  in  deposits  10^  thick,  and  the  extent  of  orienta 
tion  passes  through  a  maximum  with  increase  of  current  density.  In  deposits  60jj  thick  the  [112]  texture  axis  is 
characteristic  at  relatively  low  electrolyte  acidities,  while  at  high  acidity  the  [100]  texture  axis  predominates. 
The  [100],  [110],  [112],  [120]  texture  axes  are  found  in  deposits  formed  with  changes  in  the  direction  of  the 
current. 
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Data  on  the  texture  of  deposits  formed  from  baths  without  additives  and  with  added  thiamine  hydrobromide 
reveal  a  distinct  difference  between  their  texture  axes.  Deposits  with  the  following  texture  axes:  [120],  [112], 
[110],  [120],  [120],  [100],  [110],  were  obtained  from  the  electrolyte  without  additives  at  20*,  in  accordance  with 
the  electrolysis  conditions  and  thickness  of  the  deposits.  Deposits  formed  from  a  bath  with  added  thiamine  hydro 
bromide  are  as  a  rule  oriented  in  the  [120],  [112] direction,  and  in  some  instances  in  the  [120],  [112],  [100] 
directions.  The  [110]  texture  axis  was  found  in  only  one  instance.  It  is  evident  that  the  texture  axis  is  changed 
in  presence  of  the  additive.  However,  deposits  of  a  given  degree  of  luster  may  have  the  most  diverse  texture 
axes  with  a  wide  range  of  orientation  —  from  total  disorientation  to  high  degrees  of  orientation.  On  increase  of 
temperature  the  texture  axes  characteristic  for  20"  gradually  disappear,  especially  in  the  case  of  deposits  lOp 
thick,  and  are  replaced  by  the  [100]  and  [112]  axes.  Here  again  no  definite  connection  can  be  detected  between 
the  luster  and  extent  of  orientation. 


TABLE  2 

Distribution  of  Specimens  According  to  Luster  and  Extent  of  Orientation 


Extent  of  orientation 

1 

Extent  of  orientation 

Luster 

0 

1 

■ 

3 

■ 

(1 

1 

2  j 

3 

4 

i 

15 

24 

31 

12 

6 

1 

3 

2 

1 

2 

1—2 

— 

— 

3 

7 
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6-7 

1 

— 

— 

1 

— 

2 

— 

4 

4 

2 

4 

7 

2 

1 

2 

3 

1 

1 

2—3 

— 

— 

— 

— 

7—8 

— 

— 

— 

1 

3 

— 

2 

3 

2 

t 

8 

2 

4 

2 

4 

3 

3  —4 

— 

— 

— 

— 

— 

8—9 

1 

— 

— 

1 

1 

i 

_ 

1 

4 

4 

1 

9 

3 

3 

1 

5 

2 

4-5 

— 

1 

— 

2 

1 

9-10 

1 

4 

2 

— 

_ 

» 

1 

- 

3 

1 

1 

— 

2 

10 

8 

1 

4 

4 

6 

Table  2  contains  data  on  luster  and  extent  of  orientation  for  all  the  219  specimens  studied;  it  is  seen  that 
there  is  no  definite  correlation  between  luster  and  extent  of  orientation. 

Of  the  44  mirror-bright  specimens  (luster  9-10),  12  (27%)  were  without  orientation,  8  (18%)  had  very  weak 
orientation,  16  (36%)  had  moderate  orientation,  and  only  8  specimens  (18%)  had  a  high  degree  of  texture.  At 
the  same  time,  of  82  completely  dull  specimens  none  was  completely  without  orientation,  15  (18%)  were  weakly 
oriented,  55  (67%)  had  moderate  orientation,  and  12  specimens  (15%)  had  perfect  texture.  Among  the  speci¬ 
mens  of  moderate  luster  there  were  relatively  many  without  orientation  and  with  low  and  moderate  orientation, 
and  few  with  perfect  orientation. 

Data  on  luster  and  type  of  texture  for  all  the  specimens  studied  are  presented  in  Table  3. 

Of  the  44  very  bright  specimens  (luster  9-10)  only  6  (14)  had  the  [100]  texture  axis,  2  (5%)  had  the  [110] 
and  [120]  texture  axes,  8  (18%)  had  the  [112]  texture  axis,  14  (32%)  had  mixed  [120]  [112]  and  [120],  [112],[100] 
texture  axes,  while  12  deposits  (27%),  as  already  noted,  were  completely  disoriented.  At  the  same  time,  of  the 
82  dull  deposits  47  (57%)  had  the  [100]  texture  axis,  while  the  remaining  43%  also  had  the  [110],  [120],  [112] 
texture  axes  and  mixed  [110],  [120]  and  [120],  [112]  axes. 

These  results  lead  to  the  conclusion  that  the  [100],  [110],  [120],  [112]  texture  axes  and  some  combinations 
of  them  may  be  found  in  bright,  semibright,  and  dull  deposits.  The  results  indicate  that  the  luster  of  electro¬ 
lytic  nickel  deposits  does  not  depend  on  the  type  or  degree  of  perfection  of  their  texture.  As  already  noted, 
deposits  formed  in  presence  of  thiamine  hydrobromide  brightener  are  characterized  by  a  mixed  type  of  texture 
along  the  [120],  [112]  and  also  the  [120],  [112],  [100]  axes,  especially  if  formed  at  low  temperatures.  If  the 
luster  of  deposits  is  regarded  as  dependent  on  texture,  the  [100]  texture  axis  should  be  found  in  bright  deposits; 
according  to  Gorbunova  [3]  this  should  favor  regular,  specular  reflection  of  light.  The  [120]  and  [112]  texture 
axes,  and  especially  the  two  present  simultaneously,  can  hardly  cause  luster,  as  in  this  case  three-sided  corners 
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of  the  cubic  crystals  should  project  onto  the  surface.  It  is  probable  that  even  a  relatively  perfect  texture  along 
the  [100]  axis  cannot  always  tend  to  improve  the  reflectance  of  the  deposits.  This  follows  from  the  fact  that 
most  of  our  dull  deposits  had  this  type  of  texture.  In  all  probability,  despite  the  apparently  favorable  type  of 
texture ,  these  deposits  have  surface  irregularities  which  arise  during  growth  of  the  deposit,  in  the  form  of  various 
steps  or  imperfect  layers  which  prevent  regular  reflection  of  light  from  the  surface.  It  follows  that  neither  the 
presence  of  texture  nor  the  extent  of  orientation  are  determining  factors  favoring  luster  of  electrolytic  deposits. 

Some  authors  attribute  luster  of  electrolytic  deposits  to  microcrystallinity  [8].  However,  in  many  publica¬ 
tions  the  correlation  between  luster  and  grain  size  is  not  based  on  experimental  data,  but  is  assumed  as  self- 
evident.  Nevertheless,  it  has  been  shown  experimentally  in  some  instances  that  luster  does  not  depend  on  grain 
size  [9]. 

It  is  not  always  possible  to  determine  the  dimensiotis  of  metal  crystals  exactly  by  the  x-ray  method.  There 
are  two  regions  of  grain  size  in  which  very  different  x-ray  patterns  are  obtained.  With  crystals  larger  than  l-2p 
the  lines  on  the  x-ray  patterns  are  discontinuous.  As  the  grain  size  decreases,  the  lines  in  the  x-ray  patterns  be¬ 
come  diffuse  if  relatively  thin  metal  layers  are  used.  In  our  experiments  the  lines  in  the  x-ray  patterns  were 
continuous  and  not  diffuse  for  all  the  specimens;  this  indicates  that  there  is  probably  no  difference  in  grain  size 
between  dull  and  bright  deposits. 

TABLE  3 


Distribution  of  Specimens  According  to  Luster  and  Type  of  Texture 


Texture  axes 

Luster 

[100) 

[110] 

(120J 

[112] 

1 

1 

no 

orienta¬ 

tion 

1 

47 

1  11 

f) 

6 

6 

7 

1-2 

6 

3 

_ 

— 

1 

— 

_ 

_ 

— 

2 

2-3 

4 

1 

5 

1 

2 

1 

3 

3 

3 

— 

1 

— 

1 

— 

— 

— 

3-4 

— 

— 

— 

— 

— 

— 

_ 

— 

— 

4 

5 

1 

2 

2 

— 
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— 
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— 
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1 

10 
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2 
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8 

1 

— 
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It  follows  from  the  foregoing  that  the  luster  of  electrolytic  nickel  deposits  cannot  be  ascribed  either  to 
texture  and  extent  of  orientation,  or  to  microcrystallinity. 

Stratification  of  bright  deposits  must  be  considered  briefly.  Many  workers  [10,  11]  have  observed  a 
definite  stratified  structure  in  studies  of  polished  cross  sections  of  bright  deposits.  We  also  observed  such 
stratification  in  a  number  of  bright  deposits.  It  is  known  that  in  very  thin  layers  a  deposit  reproduces  the 
structure  of  the  underlying  layer,  and  therefore  attempts  have  been  made  to  attribute  luster  to  stratification. 
However,  some  brighteners  give  rise  to  deposits  which  are  brighter  than  the  basis  metal,  and  their  action  can¬ 
not  be  attributed  to  stratification.  Moreover,  a  stratified  deposit  is  not  necessarily  bright.  Stratification  is 
most  likely  not  the  cause  of  luster  but  an  effect  accompanying  it,  which  arises  as  the  result  of  a  definite 
mechanism  of  action  of  the  brightener. 

Most  probably, luster  of  deposits  is  determined  by  the  degree  of  leveling  of  various  submicroscopic  pro¬ 
jections  on  their  surfaces,  as  was  suggested  by  Gorbunova  et  al.  [11]. 
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SUMMARY 

1.  The  [100],  [110],  [112],  [120]  texture  axes  and  certain  combinations  of  them  are  met  equally  often 
both  in  bright  and  in  dull  electrolytic  nickel  deposits. 

2.  Dull  and  specular  nickel  deposits  do  not  differ  in  grain  size. 

3.  Neither  texture  nor  microcrystallinity  are  the  causes  of  luster  in  electrolytic  deposits.  Luster  is  most 
probably  determined  by  leveling  of  submicroscopic  surface  irregularities  during  electrolysis. 
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SODIUM  SALICYLATE  AS  INHIBITOR  OF  STEEL  CORROSION  IN 


NEUTRAL  MEDIA 

E.  V.  Bogatyreva  and  S.  A.  Balezin 


During  recent  years  the  benzoates  of  alkali  and  alkaline -earth  metals  have  become  widely  known  as  in¬ 
hibitors  of  steel  corrosion  in  neutral  media;  they  belong  to  the  class  of  "mild"  inhibitors  which  do  not  cause 
pitting  corrosion  at  concentrations  insufficient  for  complete  protection  of  steel  in  water,  and  they  ensure  com¬ 
plete  protection  of  steel  specimens  at  the  water  line  in  incomplete  immersion  [1-4].  These  substances  are  non¬ 
toxic  and  therefore  harmless  to  people  in  the  vicinity. 

Benzoic  acid,  the  salts  of  which  are  inhibitors  of  corrosion  in  water,  belongs  to  the  series  of  aromatic  acids, 
which  suggests  that  salts  of  other  aromatic  acids  may  also  serve  as  inhibitors  of  steel  corrosion  in  neutral  media. 

For  example,  we  found  that  sodium  phenylacetate  in  the  form  of  a  buffer  solution  of  pH  7  prevents  corrosion,  in 
distilled  and  tap  water,  of  steel  and  steel  articles  in  contact  with  certain  metals  (steel  —  copper,  steel  —aluminum), 
and  of  nickel -plated  and  chromium-plated  articles. 

A  method  has  been  patented  for  protection  of  metal  articles  from  metallic  corrosion  by  the  use  of  wrapping 
paper  impregnated  with  organic  amines  in  conjunction  with  ammonium  phthalate  [5]. 

In  1921  Friend  suggested  that  sodium  salicylate  may  protect  steel  from  corrosion  in  water  [6],  and  Stroud 
and  Vernon  [1]  suggested  the  addition  of  sodium  salicylate  to  latexes  to  protect  steel  from  atmospheric  corrosion. 
Apart  from  these  brief  communications,  the  literature  contains  little  detailed  information  on  the  anticorrosion 
properties  of  salicylates. 

This  paper  contains  the  results  of  a  study  of  changes  in  the  protective  properties  of  salts  of  benzoic  acid 
as  the  result  of  introduction  of  a  hydroxyl  group  (OH)  into  the- benzene  ring.  The  sodium  salt  of  salicylic  acid, 
with  the  hydroxyl  group  in  the  ortho  position  was  used  for  this  purpose: 

^\cOONa 


EXPERIMENTAL 

The  properties  of  sodium  salicylate  as  inhibitor  of  steel  corrosion  were  tested  in  distilled  and  tap  water,  in 
conditions  of  natural  and  intensified  aeration  and  in  an  oxygen-free  medium,  in  relation  to  the  temperature,  pH, 
and  presence  of  Cl’,  SO4’,  and  NO3  ions  in  the  water.  Experiments  with  sodium  benzoate  were  performed  simul¬ 
taneously  for  comparison. 

Experiments  performed  at  18-20"  with  different  steels  in  distilled  and  tap  water  with  additions  of  sodium 
benzoate  or  salicylate  showed  that  sodium  salicylate,  like  sodium  benzoate,  inhibits  the  corrosion  of  steel  in 
water. 


Steel  specimens  do  not  change  in  external  appearance  in  aqueous  solutions  of  these  inhibitors  (if  the  protec¬ 
tion  is  complete),  because  the  protective  film  formed  on  the  steel  is  invisible. 


1094 


TABLE  1 


Minimum  Protective  Concentrations  of  Sodium  Salicylate  and  Benzoate  for 
Certain  Steels  in  Tap  and  Distilled  Water  at  18-20*  in  Experiments  Lasting 
2  Months  _ 


Steel  type 

Minimum  Protective  Concentrations  (moles/  liter) 

sodium  benzoate 

sodium  salicylate 

in  distilled 

water 

in  tap 

water 

in  distilled  • 

water 

in  tap  water 

10  steel 

O 

f 

4  •  10-’ 

8  •  10“* 

5  •  10”* 

20  steel 

8  •  10-^ 

o 

00 

1  •  lO"* 

M 

1 

o 

00 

U-8  steel 

5  •  10”’ 

1  •  10”* 

8  •  10-* 

00 

O 

1 

TABLE  2 


Minimum  Protective  Concentrations  of  Sodium  Salicylate 
and  Benzoate  for  10  Steel  in  Distilled  Water  at  Various 
Temperatures  in  24-Hour  Experiments 


Temperature 

(•c) 

Minimum  protective  concentration 
(moles  /liter) 

sodium  benzoate 

sodium  salicylate 

20 

6  •  10““* 

1  •  10“* 

40 

2  •  10-* 

5  •  10-* 

60 

2  •  10'* 

7  •  10”* 

80 

2  •  10-* 

1 

100 

2  •  10”* 

- 

TABLE  3 

Minimum  Protective  Concentrations  of  Sodium  Salicylate  and  Ben¬ 
zoate  in  Solutions  of  NaCl,  Na^SO^  and  NaNOs  of  Various  Concentra¬ 
tions  for  10  Steel  at  18-20"  in  Experiments  Lasting  2  Months 


Corrosive  medium 

1 

Minimum  protectiye  con¬ 
centrations  (moles/liter) 

sodium 

1  benzoate 

sodium 

salicylate 

Distilled  H,0  . 

4  .  \(r* 

8  .  10-« 

NaCl; 

O.i  m  . 

4  .  Kri 

1 

0.01  m  . 

4  •  10-2 

5  •  i(r2 

0.001  m  . 

1  .  10-2 

3  •  iir2 

NaoSOi; 

0.1  m  . 

4  .  Uri 

1 

0.01  m  . 

1  •  10-1 

3  .  10-1 

0.001  m . 

4  .  i(r2 

1  .  10-1 

NaNO,: 

0.1  m  . 

8 .  i(r2 

1  .  10-2 

0.01  m  . 

8  .  10-2 

5  .  10-3 

0.001  m . 

4  .  10-3 

4 .  i(r3 
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T  ABLE  4 

Effect  of  Concentrations  of  Sodium  Salicylate  and  Benzoate  in  Distilled  Water  on 
Corrosion  of  20  Steel  with  Natural  and  Intensified  Aeration  (Air  Blown  through  Solu¬ 
tion  at  100  ml/ minute)  at  18-20“  in  5-Day  Experiments 


1 

Inhibit¬ 
or  con¬ 
centra¬ 
tion 

(moles/ 

liter) 

Sodium  salicylate 

Sodium  benzoate 

normal  aeration 
of  solution 

intensified  aera¬ 
tion  of  solution 

normal  aeration 
of  solution 

intensified  aera¬ 
tion  of  solution 

corrosion  propor  - 

on  tion  ,of 

01  zu  1  specimen 

<8)  |»ed 

|(%) 

corrosion 
of  20 
steel  (g) 

propor-, 
tion  of 
specimen 
surface 
auacked 
(>) 

propor¬ 
tion  of 
specimen 
attacked 
(-70) 

corrosion 
of  20 
steel  (g) 

propor¬ 
tion  of 
specknen 
atucked 
(^70) 

0 

(>.(K)92 

l(K) 

0.0358 

1(H) 

0.0094 

100 

0.03(»2 

KK) 

5  •  lir-"' 

0.(H).S7 

100 

0.0334 

97. r) 

)M)092 

UH) 

0.0137 

23.S 

1  .  lO-r. 

(MK)91 

IIX) 

0.0081 

9.3 

().)H)9i; 

11X) 

0.0127 

1 5.6 

5  •  iir'* 

(MX  (98 

1(M) 

0.(K)48 

4.2 

0.0099 

KK) 

0.()05(i 

8  2 

1  .  10-^ 

(MM)9S 

KK) 

0.(H)29 

1.23 

0.(M)93 

KM) 

0.(H)40 

1.29 

3  •  nr* 

(MHIS8 

1(X) 

(M)022 

1.3 

0.0094 

100 

0.(X)2() 

0.3 

5 . 10-' 

(M);)s:j 

100 

0.0025 

1.7 

0.)X)92 

100 

0 

0 

8 . 

(MM)79 

1(H) 

0 

0 

0 

0 

0 

0 

1  •  Kr'' 

(1 

0 

0 

0 

0 

0 

0 

0 

Both  substances  are  mild  inhibitors  of  steel  corrosion  in  water;  they  do  not  cause  pitting  corrosion  of  steel 
with  natural  aeration  of  the  solution,  and  provide  complete  protection  of  steel  specimens  at  the  water  line  in  in¬ 
complete  immersion. 

Sodium  salicylate  is  less  effective  than  sodium  benzoate,  as  the  minimum  protective  concentration  for 
steel  in  water  is  higher  for  sodium  salicylate  than  for  sodium  benzoate.  The  protective  effects  of  both  inhibitors 
diminish  with  increase  of  the  carbon  content  in  steel  (Table  1),  because  of  increased  structural  heterogeneity  of 
the  steel  surface  and  the  appearance  of  numerous  galvanic  microcouples,  the  complete  suppression  of  which  re¬ 
quires  a  higher  concentration  of  inhibitor  than  is  needed  for  protection  of  low -carbon  steel  under  the  same  condi¬ 
tions. 


The  protective  action  of  sodium  salicylate  and  benzoate  on  steel  decreases  with  increase  of  temperature, 
probably  because  the  protective  films  formed  on  steel  in  solutions  of  these  inhibitors  crack  or  partially  dissolve 
with  increase  of  temperature,  so  that  the  inhibitor  concentration  must  be  raised  with  increase  of  temperature  to 
ensure  complete  protection  of  steel  (Table  2). 

In  24-hour  tests  on  10  steel  in  distilled  water  in  presence  of  tliese  inhibitors  at  temperatures  from  20  to  100’ 
it  was  found  that  sodium  benzoate  is  effective  at  temperatures  from  20  to  100“  (inclusive),  whereas  sodium  sali¬ 
cylate  protects  10  steel  in  distilled  water  only  in  the  temperature  range  from  20  to  60“.  At  temperatures  above 
80“  it  does  not  protect  steel  completely,  but  merely  retards  its  rate  of  corrosion  slightly. 

In  presence  of  Cl'  ,  SO4",  or  NO3  ions  in  distilled  water  (Table  3)  the  protective  properties  of  sodium 
benzoate  and  salicylate  deteriorate,  as  Cl',  SO4"  ,  and  NO3  ions  can  easily  destroy  the  protective  films  formed 
by  many  inhibitors  on  the  metal.  For  most  rapid  repair  of  the  defects  formed  in  films  by  the  action  of  these  ions, 
the  concentrations  of  sodium  benzoate  and  salicylate  must  be  increased  considerably.  Complete  protection  of 
steel  can  be  achieved  under  these  conditions;  the  protective  action  of  sodium  salicylate  on  steel  in  aqueous  solu¬ 
tions  of  NaCl,  Na2S04  and  NaN03  is  less  than  that  of  sodium  benzoate  under  the  same  conditions. 

Investigation  of  the  effects  of  intensified  aeration  on  the  protective  properties  of  sodium  salicylate  and 
benzoate  showed  that  intensified  aeration  of  the  solutions  has  a  twofold  influence  on  their  inhibitor  action;  on 
the  one  hand,  it  lowers  the  minimum  protective  concentrations  of  these  inhibitors  for  20  steel  in  distilled  water 
as  compared  with  a  control  experiment  with  normal  aeration,  owing  to  more  rapid  supply  of  the  inhibitor  to  the 
steel  surface;  on  the  other  hand,  it  places  these  inhibitors  in  the  class  of  "dangerous"  inhibitors  which  cause  pitting 


1096 


corrosion  at  concentrations  insufficient  for  complete  pro¬ 
tection  of  steel  in  distilled  water,  because  owing  to  the 
rapid  supply  of  inhibitor  to  the  steel  surface  most  of  the 
latter  becomes  protected,  while  the  most  vulnerable 
regions  of  the  surface  are  rapidly  attacked  because  of  the 
rapid  supply  of  oxygen  owing  to  intensified  aeration  of  the 
solution.  Corrosion  of  these  regions  could  be  prevented 
only  by  increase  of  the  inhibitor  concentration  in  the 
solution. 

With  normal  aeration,  these  inhibitors  in  amounts 
insufficient  for  complete  protection  of  steel  in  water 
neither  retard  nor  stimulate  corrosion,  which  is  continuous 
and  uniform  (Table  4). 

With  intensified  aeration  of  the  solution,  sodium  benzoate  is  more  effective  than  sodium  salicylate  in  protect¬ 
ing  steel  under  the  same  conditons. 

It  was  also  necessary  to  determine  the  pH  range  in  which  sodium  salicylate  and  benzoate  have  a  protective 
effect.  For  these  experiments  0.0125  M  solutions  of  salicylic  and  benzoic  acids  were  prepared  and  titrated  with 
0.98  N  caustic  soda  solution  to  give  buffer  solutions  of  pH  2.7  to  13  in  the  case  of  salicylic  acid,  and  2.9  to  13  in 
the  case  of  benzoic  acid. 

The  results  showed  that  sodium  salicylate  exerts  a  protective  action  at  pH  ^  6,  and  sodium  benzoate  at 
pH  i  5.5;  at  these  pH  values  the  corrosion  of  20  steel  in  water  ceases  completely  (see  figure).  Experiments  in 
an  oxygen-free  medium  (in  a  nitrogen  atmosphere)  with  0.1  M  sodium  salicylate  and  benzoate  solutions  showed 
that  these  substances  lose  their  protective  properties  in  absence  of  oxygen.  On  the  assumption  that  the  protective 
action  of  these  substances  is  due  to  the  formation  of  insoluble  complex  compounds  containing  ferric  ions  on  the 
steel  surface  [7],  the  function  of  oxygen  in  the  solution  is  to  oxidize  ferrous  to  ferric  ions,  which  then  enter  the 
insoluble  complex  compounds  on  the  steel  surface. 


0 

4 


Variation  of  corrosion  rate  p  (in  g/m**  day) 
of  20  steel  with  pH  of  salicylic  and  benzoic 
acid  solutions;  1)  salicylic  acid,  2)  benzoic  acid. 


SUMMARY 

1.  Sodium  salicylate  retards  the  corrosion  of  steel  in  distilled  and  tap  water.  The  minimum  protective 
concentrations  of  sodium  salicylate  and  benzoate  in  tap  and  distilled  water  for  10,  20,  and  U-8  steels  have  been 
determined. 

2.  The  optimum  temperatures  for  the  protective  action  of  sodium  salicylate  are  20-60",  and  for  sodium 
benzoate,  20-100". 

3.  Cl',  SO4',  and  NO3  ions  decrease  the  protective  action  of  sodium  salicylate.  The  minimum  protective 
concentrations  of  sodium  salicylate  and  benzoate  in  0.1,  0.01,  and  0.001  M  solutions  of  NaCl,  Na2S04  and  NaN03 
for  10  steel  have  been  determined. 

4.  Intensified  aeration  in  solution  has  a  dual  effect  on  the  protective  properties  of  these  inhibitors;  on  the 
one  hand,  it  reduces  the  minimum  protective  concentrations  of  these  inhibitors  for  steel  in  water,  and  on  the 
other  hand  it  brings  them  into  the  class  of  "dangerous"  inhibitors  which  cause  pitting  corrosion  at  concentrations 
insufficient  for  complete  protection  of  steel  in  distilled  water. 

5.  Sodium  salicylate  protects  10  steel  in  the  pH  range  of  6-13. 

6.  Presence  of  oxygen  is  a  necessary  condition  for  sodium  salicylate  to  act  as  an  inhibitor  of  steel  corrosion 
in  distilled  water. 

7.  Investigation  of  the  influence  of  the  above-mentioned  factors  on  tlie  protective  properties  of  the  two 
inhibitors  showed  that  the  protective  action  of  the  salts  is  diminished  by  the  presence  of  a  hydroxyl  group  in  the 
benzene  nucleus. 
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THE  ROLE  OF  DIFFUSION  IN  HYDROLYSIS  OF  POLYSACCHARIDES 
IN  A  HETEROGENEOUS  MEDIUM* 


A.  A.  Konkin  and  E.  A.  Shukalova 

The  All-Union  Scientific  Research  Institute  of  Artificial  Fibers 


Determination  of  the  role  of  diffusional  processes  in  heterogeneous  hydrolysis  of  polysaccharides  by  dilute 
acid  solutions  is  of  great  significance.  In  analysis  of  diffusional  processes  accompanying  hydrolysis  it  is  necessary 
to  take  into  account  changes  of  acid  concentration  within  the  polysaccharide  being  hydrolyzed,  diffusion  of  the 
hydrolytic  agent  toward  the  inner  regions  of  polysaccharides,  and  removal  of  water-soluble  products  of  low 
molecular  weight  formed  as  the  result  of  hydrolysis. 

It  is  known  that  at  the  low  liquor  ratios  used  in  industrial  wood  hydrolysis, diffusional  processes  play  an 
important  part.  In  research  practice,  in  studies  of  cellulose  hydrolysis  the  reaction  is  usually  carried  out  with 
large  excess  of  the  hydrolytic  agent.  Various  views  are  held  by  research  workers  concerning  the  role  of  internal 
diffusion  under  such  conditions.  The  relationship  between  the  rate  of  the  hydrolysis  reaction  and  the  rate  of 
internal  diffusion  is  still  unknown. 

It  is  known  that  two  different  mechanisms  are  possible  in  heterogeneous  reactions.  If  the  rate  of  diffusion 
(D)  is  considerably  greater  than  the  rate  of  chemical  reaction,  the  process  takes  place  in  the  kinetic  region  and, 
conversely,  if  the  rate  of  chemical  reaction  exceeds  the  diffusion  rate  the  process  is  determined  by  diffusion. 
According  to  Frank -Kamenetskii  [1]  the  following  equations  are  the  criteria  for  determination  of  the  type  of 
reaction;  a)  if  the  rate  of  the  process  is  determined  by  internal  diffusion  , 

NuD,  _ 

then  — - —  ^  '^D^KandJI  ^  L  %  -  h; 

b)  if  the  rate  of  the  process  does  not  depend  on  diffusion  into  the  solid  phase, 

NuD.  _ 

then  — - — ^^DzKandL^IJ. 

Many  workers  consider  that  heterogeneous  hydrolysis  of  cellulose  takes  place  in  the  diffusional  region  and 
therefore  the  rate  of  the  process  as  a  whole  is  determined  by  diffusion.  However,  this  conclusion  is  based  not 
on  experimental  data  but  on  logical  reasoning  arising  from  the  need  to  explain  certain  laws  governing  the  hydrol¬ 
ysis  of  cellulose.  The  following  arguments  ate  usually  advanced  as  proof.  It  is  known  that  the  heterogeneous 
hydrolysis  of  cellulose  proceeds  at  a  variable  rate.  In  the  opinion  of  many  investigators  [2Jthis  is  due  to  dif¬ 
ferences  in  the  accessibility  of  different  regions  of  cellulose  to  the  action  of  the  hydrolytic  agent  or,  in  other 
words,  it  is  because  the  agent  penetrates  easily  and  rapidly  into  some  regions  and  slowly  into  others,  so  that  the 
hydrolysis  rate  varies  with  time.  It  follows  from  this  reasoning  that  variations  of  the  hydrolysis  rate,  and  there¬ 
fore  the  process  as  a  whole,  are  determined  by  the  rate  of  diffusion  of  the  hydrolytic  agent.  This  viewpoint  is 
currently  being  developed  by  E.  A.  Pakshver  and  A.  B.  Pakshver  [3],  However,  it  is  based  on  assumptions  which 
require  experimental  verification  and  confirmation, 
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Some  workers  consider  that  heterogeneous  hydrolysis  occurs  in  the  kinetic  region.  Sharkov,  Korol’kov, 
and  others  [4]  have  recently  supported  this  view. 

Because  of  the  lack  of  definite  data  in  the  literature, we  performed  an  investigation  in  order  to  determine 
the  role  of  diffusion  of  the  hydrolytic  agent  in  heterogeneous  hydrolysis  of  polysaccharides.  The  criterion  for 
determination  of  the  course  of  reaction  was  the  value  of  the  activation  energy  of  polysaccharide  hydrolysis  deter¬ 
mined  under  different  reaction  conditions. In  addition  the  activation  energy  for  diffusion  of  water  into  cellulose 
was  determined.  The  results  obtained  are  discussed  below. 

According  to  our  results,  the  activation  energy  of  polysaccaride  hydrolysis  in  a  heterogeneous  medium  is 
26-30  kcal/  mole,  which  is  a  value  characteristic  of  chemical  processes  (Table  1). 

TABLE  1 

Activation  Energies  of  Hydrolysis  of  Polysaccharides,  Monosides,  and 

Disaccharides 


Values, of  activation  energy 
(cal/ mole)  in; 

Compound 

homogeneous 

heterogeneous 

hydrolysis 

hydrolysis 

Cellulose 

27400 

27600 

Amylose 

28400 

30600 

Galactan 

25150 

25500 

Laminarin 

2(;50() 

26100 

Chltin 

252(K) 

27200 

Xylan 

26200 

25400 

Cellobiose 

2‘UK)0 

— 

Maltose 

28200 

— 

Lactose 

26150 

— 

0  -Isopropyl  glucoside 

274(X) 

— 

6  -Isopropyl  galactoside 

6  -Propyl  glucoside 

28100 

27600 

- 

Similar  values  for  the  activation  energy  of  cellulose  hydrolysis  have  been  obtained  by  numerous  workers. 
With  increase  of  temperature, the  rate  of  chemical  reaction  increases  much  more  rapidly  than  the  rate  of  dif¬ 
fusion,  and  therefore  at  low  temperatures  heterogeneous  reactions  very  often  occur  in  the  kinetic,  and  at  high 
temperatures  in  the  diffusional  region.  The  transition  is  usually  indicated  by  a  break  in  the  linear  plot  of  tlie 
log  K  =  f(^)  relationship.  In  the  case  of  cellulose  [5],  the  activation  energy  of  the  hydrolysis  reaction  remains 
approximately  constant  over  a  wide  temperature  range,  up  to  200®. 

The  values  of  the  activation  energy  of  polysaccharide  hydrolysis  in  homogeneous  and  heterogeneous  media, 
and  of  homogeneous  hydrolysis  of  monosides  and  disaccharides,  are  approximately  equal  (within  the  limits  of 
experimental  error)  (Table  1).  This  indicates  that  the  activation  energy  of  hydrolysis  of  the  acetal  linkage  is 
almost  independent  of  tire  molecular  weight,  composition,  structure  of  the  monomer  unit,  and  structure  of  the 
macromolecules.  Since  hydrolysis  of  polysaccharides  in  a  homogeneous  medium  is  not  associated  with  diffusional 
effects,  in  such  cases  the  value  of  the  activation  energy  characterizes  the  energy  aspects  of  the  breakdown  of  the 
acetal  linkage.  Equal  values  of  the  activation  energy  were  obtained  for  hydrolysis  of  each  of  the  polysaccharides 
in  homogeneous  and  heterogeneous  media.  It  follows  that  the  activation  energy  of  polysaccharide  hydrolysis  in 
a  heterogeneous  medium  relates  to  breakdown  of  the  acetal  linkage.  Consequently,  diffusion  is  not  the  retarding 
factor  in  heterogeneous  hydrolysis  of  polysaccharides,  and  the  reaction  proceeds  in  the  kinetic  region.  The 
above  criterion  for  determination  of  the  nature  of  a  reaction  is  inadequate  only  if  the  activation  energy  of  dif¬ 
fusion  of  the  hydrolytic  agent  is  close  to  the  activation  energy  of  the  hydrolysis  reaction.  Diffusion  of  gases  and 
liquids  through  compounds  of  high  molecular  weight  is  a  peculiar  form  of  activated  diffusion  of  the  molecular 
type.  Migration  of  substances  of  low  molecular  weight  (gases  and  liquids)  through  polymers  is  possible  after 
breakdown  of  intermolecular  action.  Accordingly,  the  activation  energy  of  diffusion  into  polymers  may  be 
considerably  greater  than  it  is  for  diffusion  in  gases  and  liquids.  For  many  gas— polymer  systems  the  activation 
energy  of  diffusion  [6]  is  7-14  kcal/  mole,  and  for  liquids  it  is  much  greater  (up  to  25-30  kcal/  mole). 
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There  are  no  data  in  the  literature  on  the  value  of  the  activation  energy  (E)  of  diffusion  of  water  into 
cellulose,  and  investigation  of  this  problem  was  therefore  necessary.  This  investigation  involves  certain  dif¬ 
ficulties.  The  value  of  E  can  be  found  from  the  relationship  between  the  coefficient  of  diffusion  or  the  diffusion 
rate  constant  and  the  temperature.  The  cause  of  the  difficulties  is  that  water  diffuses  into  cellulose  at  a  high 
rate,  and  therefore  kinetic  determinations  are  rather  difficult  to  carry  out.  The  swelling  of  cellulose  is  usually 
complete  in  5-7  minutes.  For  estimation  of  E,  we  consider  that  it  is  possible  to  use  water  instead  of  the  hydro¬ 
lytic  agent  —  dilute  sulfuric  acid  solution.  The  experimental  results  presented  below  must  be  regarded  as  tentative, 
as  high  accuracy  is  not  claimed  for  the  method  used  for  determination  of  the  diffusion  rate,  but  they  make  it 
possible  to  determine  the  order  of  magnitude  of  E. 

Viscose  monofils  400-800  p  in  diameter  were  used  as  the  starting  material.  The  fibers  were  previously 
extracted  with  dichloroethane  to  remove  fats  which  might  hinder  wetting.  To  diminish  the  effect  of  shrinkage, 
the  fibers  were  soaked  in  hot  water,  squeezed  out,  and  dried  first  in  air  to  the  natural  moisture  regain  and  then 
to  constant  weight  over  phosphoric  anhydride. 

The  diffusion  of  water  into  the  fiber  was  determined  from  changes  in  the  degree  of  swelling.  Several 
methods  were  tested  for  studying  the  course  of  swelling:  optical  determination  of  changes  in  the  fiber  diameter 
was  chosen  as  the  most  suitable  method.  Determination  of  only  one  diameter  leads  to  errors,  as  changes  of  fiber 
volume  are  determined  not  only  by  increase  of  diameter  but  also  by  change  of  length.  However,  the  error  due 
to  this  is  not  large,  as  the  change  of  fiber  length  is  relatively  small  whereas  the  diameter  increases  by  20-50%. 

The  coefficient  of  diffusion  was  determined  from  the  following  equations: 


X  ==  A’  Vt , 


(1) 


16  • 


(2) 


where  x  is  the  degree  of  swelling  of  the  fiber  for  time  t;  t  is  the  time;  K  is  a  constant;  r^  is  the  fiber 
radius;  D  is  the  coefficient  of  diffusion. 

The  degree  of  swelling  was  found  from  the  equation 


X  = 


where  d(,  is  the  initial  diameter  of  the  fiber:  d^-  is  the  diameter  after  time  r;  doo  is  the  diameter  of  the  fiber 
at  the  end  of  the  swelling  process. 

For  determination  of  K ,  a  graph  wAs  plotted  in  x  —  f  (W)  coordinates.  The  value  of  K  was  found  from 
the  slope  of  the  plot.  Graphs  for  different  temperatuies  are  shown  in  the  figure. 


Variations  of  the  degree  of  swelling  of  viscose  fibers  with  time  at  different  tempera¬ 
tures;  A)  degree  of  swelling  (x),  B)  values  ofiTr  (seconds);  temperature  ( "C).  I)  17, 
II)  27,  lU)  37. 
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TABLE  2 


Values  of  K  at  17* 


do 

dr 

K  (in  sec"*^*) 

16.4 

24 

0.142 

18.6 

26 

0.138 

17.0 

22 

0.129 

16.6 

24 

0.138 

17.4 

23 

0.143 

Mean.  .  .  . 

0.138 

TABLE  3 


Values  of  K  at  27° 


^0 

dT- 

K(in  sec"^^*) 

12.5 

20 

0.173 

15.0 

19.5 

0.170 

16.0 

22 

0.178 

16.0 

22 

0.163 

17.0 

24 

0.163 

21.0 

27 

0.165 

Mean.  . 

.  .  0.169 

TABLE  4 
Values  of  K  at  37° 


1 

d. 

k(in  sec  “^^2) 

11.6 

18 

0.200 

15.0 

21 

0.186 

15.4 

19 

0.199 

16.4 

16.8 

0.191 

18.0 

21.5 

0.205 

23.0 

27 

0.188 

24.0 

29 

0.195 

Mean .  ,  , 

.  .  0.194 

TABLE  6 


The  swelling  of  cellulose  was  studied  at  17,  27,  and 
37°.  It  is  clear  from  tlie  data  in  Tables  2-4*  that  the 
value  of  K  remains  roughly  constant  in  the  different  ex¬ 
periments. 

The  coefficients  of  diffusion,  values  of  which  are  given 
in  Table  5,  were  calculated  from  these  values  of  K  by 
means  of  Equation  (2). 

The  activation  energy  was  found  graphically  from 
the  relationship  between  the  coefficient  of  diffusion  and 
temperature:  the  value  was  7800  cal/  mole. 

Direct  determination  of  the  coefficient  of  diffusion 
of  water  into  cellulose  showed  that  the  activation  energy 
of  this  process  is  relatively  low,  and  in  any  event  lower 
than  the  activation  energy  of  hydrolysis  of  the  acetal  link¬ 
age  in  polysaccharides. 

Determinations  of  the  activation  energy  of  poly¬ 
saccharide  hydrolysis  in  homogeneous  and  heterogeneous 
media  and  of  the  activation  energy  of  diffusion  of  the 
hydrolytic  agent  into  cellulose  yielded  quite  convincing 
results  which  confirm  that  the  heterogeneous  hydrolysis  of 
cellulose,  and  therefore  of  other  polysaccharides,  takes 
place  in  the  kinetic  region.  It  follows  that  diffusion  of 
the  hydrolytic  agent  does  not  influence  the  rate  of  poly¬ 
saccharide  hydrolysis  in  a  heterogeneous  medium.  There 
is  a  number  of  other  observations  which  confirm  this  con¬ 
clusion.  Sharkov  has  shown  that  the  rate  of  cellulose 
hydrolysis  is  independent  of  the  duration  of  its  preliminary 
impregnation  with  dilute  acid  for  up  to  1000  hours.  Bone- 
dry  hydrate  cellulose,  and  hydrate  cellulose  kept  in  water 
for  a  long  time  are  hydrolyzed  at  the  same  rate.  It  must 
be  remembered  that  our  results  refer  to  mild  experimental 
conditions  such  as  are  commonly  used  in  research  practice. 

It  has  been  shown  by  several  workers  [7]  that  in  the  hydrol¬ 
ysis  of  wood  under  industrial  conditions  diffusion  effects 
may  play  a  significant  role. 

Thus,  when  the  mechanism  of  polysaccharide  hydrol¬ 
ysis  in  a  heterogeneous  medium  is  considered  .diffusion  of 
the  hydrolytic  agent  may  be  disregarded,  as  it  does  not 
control  the  rate  of  the  process.  Variations  of  the  rates  of 
polysaccharide  hydrolysis,  the  influence  of  polysaccharide 
structure  on  hydrolysis  rate,  and  the  difficult  hydrolyza- 
bility  of  cellulose  are  due  to  causes  other  than  diffusion. 


Values  of  the  Coefficient  of  Diffusion  at 
Various  Temperatures 


Temperature 

rc) 

K(in  sec"^^  ) 

D  •  10® 
(cmVsec) 

17 

0.138 

3.65 

27 

0.169 

5.48 

37 

0.194 

7.23 

SUMMARY 

1.  The  activation  energies  of  hydrolysis  of  a  number 
of  polysaccharides  in  homogeneous  and  heterogeneous 
media,  of  disaccharides  and  monosides  in  a  homogeneous 
medium,  and  the  activation  energy  of  diffusion  of  water 
in  cellulose  have  been  determined. 


*The  diameters  in  Tables  2-4  are  given  in  arbitrary  units. 
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2.  It  is  shown  that  heterogeneous  hydrolysis  of  polysaccharides  takes  place  in  the  kinetic  region. 
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EFFECT  OF  ACID  CONCENTRATION  ON  THE  HYDROLYSIS  RATE 


OF  POLYSACCHARIDES* 

L.  I.  Novikova  and  A.  A.  Konkin 

Acetal  linkages  in  compounds  of  low  and  high  molecular  weight  are  resistant  to  the  action  of  water. 
Rupture  of  the  acetal  linkage  is  sharply  accelerated  in  presence  of  catalysts.  The  reaction  is  catalyzed  by  en¬ 
zymes,  acids,  salts  of  weak  bases  and  strong  acids,  and  acid  salts.  Among  these  catalysts, acids  are  the  most 
widely  used.  The  effect  of  the  nature  and  concentration  of  the  acid  on  the  rate  of  hydrolysis  of  the  acetal  link¬ 
age  has  been  the  subject  of  numerous  investigations.  In  the  modern  view, the  mechanism  of  action  of  acid  cata¬ 
lysts  consists  of  formation  of  an  unstable  intermediate  compound  between  the  acetal  linkage  and  the  hydronium 
ion.  This  unstable  compound  decomposes  with  formation  of  the  final  reaction  products.  According  to  this 
theory  the  catalytic  activity  of  an  acid  should  be  determined  by  its  degree  of  dissociation.  This  relationship 
holds,  as  a  first  approximation,  at  low  acid  concentrations.  The  rate  of  hydrolysis  of  simple  acetals  and  mono- 
sides  at  low  acid  concentrations  increases  in  proportion  to  the  acid  concentration  as  has  been  shown  in  fl]. 

This  fact  was  used  as  the  basis  for  determinations  of  pH  of  buffer  solutions  and  hydrogen -ion  concentrations  in 
acid  solutions  from  the  hydrolysis  rates  of  simple  acetals  [2].  Arrhenius  [3]  had  shown  that  the  rate  of  polysac¬ 
charide  hydrolysis  increases  in  proportion  to  the  acid  concentration.  Subsequently  this  was  confirmed  by  a 
number  of  workers  for  the  hydrolysis  of  cellulose  by  dilute  sulfuric  acid  solutions.  According  to  the  data  of 
Zheltukhin,  Korol'kov,  and  Sharkov  [4],  in  the  range  of  sulfuric  acid  concentrations  between  0.1  and  1  N  the 
rate  of  hydrolysis  increases  in  proportion  to  the  acid  concentration  over  a  wide  range  of  temperatures  (130-200\ 
At  higher  acid  concentrations  the  relationship  between  hydrolysis  rate  and  concentration  becomes  more  complex. 
As  a  rule,  the  rate  of  hydrolysis  of  the  acetal  linkage  increases  more  rapidly  than  the  concentration  and  the 
activity  of  the  acid,  especially  in  the  case  of  concentrated  acids.  For  example,  on  increase  of  the  concentration 
of  hydrochloric  acid  from  2.5  to  6  N  the  hydrolysis  rate  constant  is  increased  11-fold.  Recently  a  number  of 
investigators  have  shown  that  the  relationship  between  the  hydrolysis  rates  of  simple  acetals  and  sucrose  and  the 
acid  concentration  is  represented  more  accurately  by  the  Hammett  function  [5].  The  logarithm  of  the  hydrolysis 
rate  constant  (log  K)  is  proportional  to  the  acidity  function  (Hq).  It  should  be  remembered,  however,  that  only 
a  few  investigations  have  been  concerned  with  the  influence  of  concentrated  acids  on  the  hydrolysis  rates  of 
polysaccharides.  The  rate  of  breakdown  of  the  acetal  linkage  depends  not  only  on  the  hydrogen-ion  concentra¬ 
tion  but  also  on  the  nature  of  the  acid.  Different  acids  have  different  catalytic  activities  at  the  same  normality 
[6].  To  account  for  this,  Arrhenius  [3]  advanced  a  dualistic  theory  which  took  into  account  the  influence  of 
hydrogen  ions  and  undissociated  acid  molecules  on  the  reaction  rate.  The  mechanism  of  catalytic  action  of 
undissociated  acid  molecules  is  still  unknown.  Direct  proportionality  between  the  Hammett  acidity  function 
and  the  logarithm  of  the  hydrolysis  rate  constant  holds  fairly  accurately  not  only  for  any  one  acid  at  different 
concentrations,  but  also  for  a  number  of  different  acids.  This  was  convincingly  demonstrated  by  Hammett  [7] 
in  the  inversion  of  sucrose. 

The  aim  of  the  present  investigation  was  to  study  the  influence  of  moderate  and  high  acid  concentrations 
on  the  rate  of  polysaccharide  hydrolysis,  and  to  establish  the  relationship  between  the  hydrolysis  rate  constant 
and  the  Hammett  acidity  function.  This  question  is  considered  in  detail  in  the  literature  in  relation  to  simple 
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acetals  and  disaccharides,  especially  sucrose.  No  investigations  have  been  reported  on  this  subject  in  relation 
to  polysaccharides. 


EXPERIMENTAL  AND  DISCUSSION  OF  RESULTS 

The  substances  chosen  for  the  investigation  were  cellobiose,  cellulose,  laminarin,  and  xylan.  Xylan  was 
isolated  from  straw  by  the  method  described  by  Konkin  and  Rogovin  [8].  The  laminarin  used  in  the  investigations 
was  isolated  from  the  White  Sea  alga  Laminaria  Saccharina  by  the  method  described  by  Black  et  al.  [9].  Cel¬ 
lulose  was  used  in  the  form  of  viscose  fibers  which,  in  contrast  to  high-molecular  cellulose,  dissolve  in  sulfuric 
acid  of  moderate  concentration.  The  hydrolytic  agents  were  sulfuric  and  hydrochloric  acids.  The  concentration 
of  sulfuric  acid  was  varied  in  the  range  of  15.77-50.98%,  and  of  hydrochloric  acid,  in  the  range  of  7.04-22.4%. 

Laminarin  and  cellulose  were  hydrolyzed  at  30",  and  cellobiose  and  xylan  at  40*.  The  course  of  the  re¬ 
action  was  followed  by  determinations  of  iodine  number  at  different  stages.  The  hydrolysis  rate  constant  was 
calculated  from  the  equation  for  a  first-order  reaction.  The  hydrolysis  rate  constants  calculated  for  different 
stages  of  the  reaction  vary  little.  As  an  example,  values  of  the  hydrolysis  rate  constant  for  cellulose  are  given 
in  Table  1.  Variations  of  the  hydrolysis  rate  constants  were  0.6-15%  of  the  mean  values  for  the  investigated 
compounds. 

TABLE  1 

Values  of  the  Hydrolysis  Rate  Constant  for  Cellulose  at  Different  Concentrations 
of  Sulfuric  Acid 


H^SO^  concentration  (%) 


«l.9  1 

4n.r)5  1 

50 

duration  of 

hydrolysis 

duration  of 

hydrolysis  | 

duration  of 

hydrolysis 

hydrolysis 

rate  constant 

hydrolysis 

rate  constant 
K*10*  in  hr"^ 

hydrolysis 

rate  constant 
K*  10  in  hr“^ 

(hours) 

K*  10*  in  hr  71 

(hours 

(hours) 

4 

0.6C 

4 

().S4 

2.98 

S 

0.55 

s 

O.Oil 

s 

3.50 

16 

0.62 

13 

1.08 

12 

3.46 

20 

0.64 

— 

— 

til 

3.59 

— 

— 

— 

— 

20 

3.59 

TABLE  2 

24 

3.75 

Values  of  Hydrolysis  Rate  Constant  and  Acidity  Function  at  Different  Concentra¬ 
tions  of  Sulfuric  Acid 


H2SO4  concentration  (%) 

15.77 

23.97 

35.55 

41 

9 

46.55 

50 

fiK.KS 

Compound 

hydrolysis  rate 
cor^st.  K  *10*  in 

acidity  func¬ 
tion  Ho 

in  hr"i 

acidity  func¬ 
tion  Hq 

hydrolysis  rate 
const.  K.IO*  ^ 
hr"i 

acidity  func¬ 
tion  Hq 

(U 

.a  • 

0  *-• ' 

M  <n  a 
T3 

X!  U.5 

acidity  func¬ 
tion  Ho 

hydrolysis  rate 
const.  K*102 
in  hr“i 

acidity  func- 
uon  Ho 

hydrolysis  rate 
const.  K*10* 
in  h,r"^ 

acidity  func¬ 
tion  Ho 

a) 

«-* 

MO 

acidity  func¬ 
tion  Hq 

Cello¬ 

biose 

Lam¬ 

inarin 

0.20 

-0.33 

0.165 

—0.86 

2.03 

—  l.ilN 

1.36 

-2.13 

2..50 

-2.'i7 

10.45 

—2.99 

12..V, 

-3.04 

Cellu¬ 

lose 

— 

— 

— 

— 

— 

0.1)2 

- 

-2.13 

0.97 

-2.47 

.3.48 

—2.99 

_ 

_ 

TABLE  3 


Values  of  Hydrolysis  Rate  Constant  and  Acidity  Function  at  Different  Concentrations  of  Hydrochloric 
Acid 


HCl  concentration  (%) 

Compound 

7.04 

16.2 

22.4 

hydrolysis  rate 
constant 

K  •  10*  in 
hr"* 

acidity 

function 

Ho 

hydrolysis 
rate  constant 

K  •  10*  in 
hr'* 

acidity 

function 

Ho 

hydrolysis 
rate  constant 

K  •  10*  in 
hr'* 

acidity 

function 

Ho 

Xylan 

1.05 

-0.58 

9.06 

-1.42 

41.5 

-2.0 

Cellobiose 

0.30 

-0.58 

1.87 

-1.42 

7.35 

-2.0 

Values  of  the  acidity  function  were  taken  from  Hammett's 
papers  [7,10]. 

Our  results  are  summarized  in  Tables  2  and  3  and  in  Fig.l 

and  2. 

It  follows  from  these  data  that  the  hydrolysis  rate  constants 
for  cellobiose  and  polysaccharides  increase  much  more  rapidly 
than  the  concentrations  of  sulfuric  and  hydrochloric  acids.  When 
the  concentration  of  sulhiric  acid  is  approximately  doubled  (from 
15.77  to  35.55%),  the  rate  of  hydrolysis  of  cellobiose  increases 
10-fold.  A  similar  relationship  holds  for  the  hydrolysis  of  cell¬ 
obiose  in  hydrochloric  acid.  Polysaccharides  show  an  even  more 
rapid  increase  of  reaction  rate  with  increase  of  sulfuric  acid  con¬ 
centration.  For  example, when  the  concentration  of  sulfuric  acid 
is  doubled  (from  23.97  to  46.55%), the  rate  of  hydrolysis  of  1am- 
inarin  increases  15 -fold. 

The  hydrolysis  rates  of  cellulose  and  laminarin  increase 
to  roughly  the  same  extent  with  increase  of  sulfuric  acid  con¬ 
centration.  Thus,  when  the  ratio  of  sulfuric  acid  concentrations 
is  about  1.2  (from  41.9  to  50%),  the  ratio  of  the  hydrolysis  rates 
is  6  for  cellulose  and  7  for  laminarin.  These  results  indicate 
that  all  polysaccharides  conform  to  a  similar  relationship  with  regard  to  variations  of  the  hydrolysis  rate  with 
the  sulfuric  acid  concentration. 

The  rate  of  hydrolysis  of  xylan  in  hydrochloric  acid  also  increases  much  more  rapidly  than  the  concentra¬ 
tion  of  the  acid.  A  threefold  increase  of  the  hydrochloric  acid  concentration  (from  7.04  to  22.4%)  results  in  a 
40 -fold  increase  of  the  rate  of  xylan  hydrolysis. 

Fig.  1  and  2  show  that  there  is  direct  proportionality  between  the  logarithm  of  the  hydrolysis  rate  con¬ 
stant  and  Hammett’s  acidity  function.  All  the  points  on  the  plot  of  log  K  =/  (H®)  lie  on  a  straight  line  in¬ 
clined  at  45*.  This  applies  to  cellulose,  laminarin,  and  xylan  hydrolyzed  both  in  sulfuric  and  in  hydrochloric 
acid.  A  similar  relationship  should  apply  to  all  polysaccharides.  Thus  the  acidity  function  is  a  quantity  which 
represents  most  fully  and  completely  variations  of  the  hydrolysis  rate  in  acids  of  moderate  and  high  concentra¬ 
tions.  The  lines  for  different  polysaccharides  in  Fig.  1  and  2  do  not  coincide,  although  they  lie  parallel  to  each 
other.  This  is  because  of  differences  in  the  stability  of  the  acetal  linkage  and  its  breakdown  rate  in  acid  media. 
However,  the  differences  between  the  positions  of  the  lines  are  not  large,  as  the  rates  of  hydrolysis  of  different 
polysaccharides  differ  little  [11]. 

On  the  basis  of  the  foregoing  results,  the  hydrolysis  rate  constants  of  polysaccharides  can  be  determined 
graphically  for  any  values  of  the  acidity  function.  For  each  value  of  the  Hammett  function  the  corresponding 


Fig.  1.  Variation  of  the  logarithm  of  the 
hydrolysis  rate  constant  log  K  with  the 
acidity  function  (Ho)c  1)  laminarin 
(23.97  -  50%  H2SO4),  2)  cellulose 
(41.9-  50%  HjSO^). 
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acid  concentration  is  found  from  tables  or  graphs.  With  the  aid  of  this  function  it  is  possible  to  determine  very 
simply  and  rapidly  the  hydrolysis  rates  of  polysaccharides  in  a  homogeneous  medium  at  different  acid  concentra¬ 
tions. 


For  hydrolysis  of  celloblose  in  sulfuric  acid, al¬ 
though  all  the  points  on  the  plot  of  log  K  =  /(Ho)  lie 

on  a  straight  line,  the  slope  of  this  line  is  considerably 
less  than  45*.  At  the  same  time,  if  the  reaction  is 
carried  out  in  hydrochloric  acid, the  logarithm  of  the 
rate  constant  is  proportional  to  the  Hammett  function. 

The  cause  of  this  is  not  clear. 

The  direct  proportionality  between  the  hydrolysis 
rate  and  the  acidity  function  makes  it  possible  to  deter¬ 
mine  the  mechanism  of  the  catalytic  action  of  hydronium 
ions.  The  acidity  function  (Hq)  is  defined  by  the  equa¬ 
tion 


-5 


/^o  =  -lK 


A', 


nn* 


■f/n 


■1  0  -1  ~Z  -3 

Fig.  2.  Variation  of  the  logarithm  of  the  hydrol¬ 
ysis  rate  constant  log  K  with  the^  acidity  function 
(Hq):  1)  xylan  (7.04-22.4%  HCl),  2)  cellobiose 
(7.04-22.4%  HCl),  3)  cellobiose  (15.77-50.98% 
H2SO4). 
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where  Kg  is  the  dissociation  constant  of  the  base,  and 
€5^*  and  C3  are  the  concentrations  of  the  ionized  and 
nonionized  forms  of  the  base. 


Hammett  derived  the  equation  on  the  assumption 
that  the  neutral  base  interacts  with  a  proton.  At  the 
same  time,  this  function  is  a  measure  of  the  ability  of 
a  proton  to  interact  with  the  neutral  base.  Since  the 

hydrolysis  of  polysaccharides  takes  place  in  accordance  with  the  acidity  function,  the  fundamental  assumptions 
on  which  the  derivation  of  the  equation  is  based  extend  to  the  hydrolysis  reaction. 


The  oxygen  in  the  acetal  linkage  contains  an  unshared  electron  pair  and  is  a  typical  base.  A  proton,  or, 
more  accurately,  a  hydronium  ion  reacts  with  the  oxygen  of  the  acetal  linkage,  forming  an  unstable  intermediate 
compound.  This  intermediate  compound  —  an  active  complex  —  decomposes  with  scission  of  the  acetal  linkage 
between  the  first  (acetal)  carbon  and  oxygen.  This  reaction  mechanism  has  recently  been  elucidated  by  Bunton 
et  al.  [12]  in  the  hydrolysis  of  methyl  glucoside  by  water  containing  an  admixture  of  heavy  water  with  the  0^* 
isotope.  This  reaction  results  in  the  formation  of  a  hydroxyl  group  at  the  fourth  carbon  atom  of  the  glucose 
residue,  and  of  an  unstable  complex  which  decomposes  instantaneously  under  the  action  of  water.  An  aldehyde 
group  is  formed  in  latent  form  at  the  first  carbon  atom,  and  this  is  accompanied  by  liberation  of  a  proton. 
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The  reaction  rate  is  determined  by  the  stability  of  the  active  complex,  and,  in  particular,  by  the  stability 
of  the  bond  between  the  acetal  oxygen  and  the  first  carbon  atom.  It  is  known  that  the  rate  of  hydrolysis  of  poly¬ 
saccharides  in  a  homogeneous  medium  depends,  if  only  slightly,  on  the  structural  characteristics  of  the  poly¬ 
saccharides.  The  above  schemes  for  the  breakdown  on  the  acetal  linkage  do  net  explain  the  specific  behavior  of 
acetal  linkages  in  individual  polysaccharides.  Additional  investigations  are  needed  to  clarify  this  problem. 
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SUMMARY 


1,  It  was  shown  in  a  study  of  the  dependence  of  the  rates  of  homogeneous  hydrolysis  of  cellobiose,  cellulose, 
Uminarin,  and  xylan  on  the  concentrations  of  sulfuric  and  hydrochloric  acids  that  the  logarithm  of  the  hydrolysis 
rate  constant  for  cellulose,  xylan,  and  laminarin  is  directly  proportional  to  the  Hammett  acidity  function.  The 
hydrolysis  of  cellobiose  in  sulfuric  acid  is  an  exception. 

2.  The  relationship  between  the  hydrolysis  rate  and  the  Hammett  function  is  evidence  of  the  formation 
of  an  Intermediate  compound  between  the  acetal  linkage  and  the  hydronium  ion. 
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POLYMERIZATION  OF  STYRENE  IN  PRESENCE  OF  1,1’-BIS- 
HYDROPEROXODICYCLOHEX  YL  PEROXIDE  AND  COBALT 
N APHTHENATE 

R.  K.  Gavurina,  P.  A.  Medvedeva,  Sh.  G.  Yanovskaya, 
and  L  .  O  .  V  isleneva 


The  preceding  paper  [1]  reported  results  obtained  in  a  study  of  the  polymerization  of  styrene  in  presence 
of  1 -hydroxy -l*-hydroperoxodicyclohexyl  peroxide  (HPC-1)  and  cobalt  naphthenate  (CN). 

The  present  paper  deals  with  the  continuation  of  these  studies  of  the  polymerization  of  styrene  in  presence 
of  l-hydroxy-l'-hydroperoxodicyclohexyl  peroxide  (HPC-1)  and  cobalt  naphthenate  (CN). 

The  present  paper  deals  with  the  continuation  of  these  studies,  and  is  concerned  with  the  polymerization 
of  styrene  in  presence  of  CN  and  l,l*-bishydroperoxodicyclohexyl  peroxide  (HPC-1, 1’). 

The  results  can  also  be  used  for  estimating  the  relative  activities  of  HPC-1  and  HPC-1,1’  in  conjunction 
with  CN  in  oxidation  —  reduction  systems. 


RESULTS  AND  DISCUSSION 

The  kinetics  of  polymerization  was  studied  by  the  dilatometric  method  and  also  (at  higher  conversions)  by 
polymerization  in  ampoules. 

In  all  the  experiments  the  concentration  of  HPC-1,  1’  was  constant  at  0.8  mol^  liter,  while  the  amount 
of  CN  was  varied  in  the  range  of  0.058  *  10"*  to  5.8  •  10"*  mole  of  Co  per  liter. 

Polymerization  in  dilatometers.  The  experiments  were  performed  at  three  different  temperatures:  25  ,  38.4, 
and  56.4”. 

The  corresponding  kinetic  curves  are  presented  in  Fig.  1-3. 

Fig.  l(a)-3  (a)  show  the  most  interesting  initial  regions  of  the  curves  on  an  enlarged  scale.  It  is  clear  from 
Fig.  3  that  addition  of  CN  results  in  an  appreciable  increase  of  the  initial  rate  of  polymerization  (R^j)  at  all  three 
temperatures.  The  concentration  of  CN  is  significant  —  the  higher  it  is,  the  greater  is  R^  (Table  1). 

In  Fig.  4i  R^  is  plotted  as  a  function  of  the  square  root  of  the  cobalt  concentration. 

It  is  clear  from  Fig.  4  that  R<)  is  a  linear  function  of  [Co]^/2. 

As  the  degree  of  conversion  increases, the  polymerization  rate  begins  to  a  fall  somewhat,  but  still  remains 
fairly  high  (Fig.  1-3).  The  higher  the  CN  concentration,  the  more  sharply  does  the  rate  change. 

Despite  the  decrease  of  the  polymerization  rate,  the  total  duration  of  the  process  (for  19%  conversion)  in 
all  the  experiments  is  decreased  considerably  on  addition  of  CN,  as  is  clear  from  the  data  in  Table  2. 

The  shortest  duration  of  the  process  was  observed  in  experiments  with  the  highest  CN  concentration.  The 
samples  obtained  in  these  experiments  were  characterized  by  the  values  of  [B  ]  of  their  benzene  solutions.  The 
values  of  [h  ]  for  samples  obtained  in  experiments  with  and  without  CN  differed  little  from  each  other,  i.e.,up 
to  19%  conversion.addition  of  CN  did  not  produce  any  significant  change  of  [H]. 
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Polymerization  in  ampoules  was  carried  out  at  38.4°,  at  HPC-1,1'  concentration  of  0.8  mole/  liter, and  CN 
concentrations  in  the  range  of  0.058  •  10"*  to  0.58  •  10 '*  mole  Co/  liter. 

The  results  of  this  series  of  experiments  are  given  in  Fig.  5  and  6. 

It  follows  from  Fig.  5  that  the  polymerization  rates  remain  high  in  presence  of  CN  even  at  high  conversions 
up  to  80-85  wt.  7o,  and  in  some  experiments  almost  up  to  lOO^o  conversion.  In  this  respect  the  system  in  question 
differs  favorably  from  the  oxidation— reduction  system  consisting  of  BZ2O2  and  dimethylaniline.  According  to  Imoto 
et  al.  [2],  in  the  latter  case  the  initial  high  polymerization  rates  subsequently  decrease  so  much  that  the  poly¬ 
merization  process  is  completely  arrested  at  not  very  high  conversions  (in  some  experiments  at  15-20  wt.  %). 


The  influence  of  this  system  on  the  values  of  [^J]  is  clearly  seen  in  Fig.  6. 

During  the  first  20  hours,  i.e.,  at  low  conversions,  additions  of  CN  have  no  effect  on  [t?].  These  results  are 
in  good  agreement  with  the  results  of  determinations  of  [t?]  for  samples  obtained  by  polymerization  in  dilatometers. 
However,  with  increasing  conversion, addition  of  CN  results  in  a  considerable  increase  of  [tj].  The  increase  of 
[^]  is  greater  at  higher  CN  concentrations  (compare  Curves  2  and  3). 


A  B  A  B 


Fig.  1.  Kinetic  curves  for  polymerization  of  styrene  at  25°  in  presence  of  CN  and 
HPC-1,1':  A)  conversion  (moles/  liter),  B)  conversion  (wt.^),  C)  time  (hours): 
concentration  of  CN  (moles  Co/liter):  1)  0,  2)  0.058  •  10"*,  3)  0.58  •  10"*. 


Fig.  2.  Kinetic  curves  for  polymerization  of  styrene  at  38.4°  in  presence  of  CN  and 
HPC-1,1’:  A)  conversion  (moles/ liter),  B)  conversion  (wt.  ^o),  C)  time  (hours), 

D  i  time  (minutes);  concentration  of  CN  (moles  Co/ liter):  1)  0,  2)  0.058  •  10"*, 

3)  0.116  •  10"*,  4)  0.58  •  10"*,  5)  5.8  •  10"*. 
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A  B 


A  B 


Pig.  3.  Kinetic  curves  for  polymerization  of  styrene  at  56.4“  in  pres¬ 
ence  of  CN  and  HPC-1,1*:  A)  conversion  (moles/  liter ),  B)  conver 
Sion  (wt.%),  C)  time  (hours),  D)  time  (minutes);  concentration  of 
CN  (in  moles  Co/ liter):  1)  0.  2)  0.058  *  10*’,  3)  0.58  •  10"*. 


TABLE  1 


Effect  of  Cobalt  Naphthenate  Concentration  on  the  Initial  Poly¬ 
merization  Rate 


CN  concentration 
/moles  Co  ^  io*\ 

\ liter  j 

/  moles  loA 

1  ^  litepsec  1 

25“ 

38.4“ 

56.4“ 

0 

0.016 

0.054 

0.20 

0.058 

0.019 

0.080 

0.33 

0.116 

- 

0.082 

- 

0.58 

0.070 

0.19 

0.62 

5.8 

- 

0.42 

- 

TABLE  2 


Total  Duration  of  Polymerization  for  19%  Conversion 


CN  concentra¬ 
tion 

/ moles  Co 
(liter  ’  / 

Duration  of  polymerization  (hours) 

25“ 

38.4“ 

56.4“ 

0 

42 

13 

2.8 

0.058 

32.5 

9.7 

2.5 

0.116 

- 

9 

- 

0.58 

19 

5 

1.3 

5.8 

— 

5 

- 

Comparison  of  the  oxidation— reduction  systems  HPC-1  +  CN  and  HPC-1,1'  +  CN.  The  difference  in  the 
courseofthe  kinetic  curves  with  the  use  of  HPC-1  and  HPC-1,1’  respectively  is  illustrated  by  Fig.  7.  These 
curves  were  determined  in  the  polymerization  of  styrene  in  dilatometers  at  38.  4“  at  catalyst  concentration  of 
0.8  mole/ liter. 

Comparison  of  Curves  1  shows  that  in  absence  of  accelerator,  HPC-1,1'  is  the  more  active  catalyst.  On 
addition  of  CN,the  curves  for  HPC-1  and  HPC-1,1’  differ  considerably  in  their  course. 


nil 


A 


Fig.  4.  Effect  of  accelerator  concentration 
on  the  initial  rate  of  polymerization:  A) 
initial  rate  of  polymerization  •  10* 
(moles/ liter.second),  B)  [Co]*^2*10*, 
where  [Co]  is  the  CN  concentration 
(moles  Co  per  liter);  temperature  (*C); 

1)  25,  2)  38.4,  3)  56.4. 
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Fig.  5.  Kinetic  curves  for  polymerization 
of  styrene  in  ampoules  at  38.4*  in  presence 
of  CN  and  HPC-1,1’:  A)  conversion 
(moles/  liter) ,  B)  conversion  (wt.%),  C) 
time  (hours);  concentration  of  CN  (in 
moles  Co/liter>.  1)  0,  2)  0.058  *  10'*, 

3)  0.58  •  10-*. 


A 


Fig.  6.  Variation  of  intrinsic  viscosity 
[h]  with  time  of  polymerization  in 
ampoules  at  38.4“:  A)  values  of  [  t?  ], 
B)  time  (hours);  concentration  of  CN 
(moles  of  Co/  liter):  1)  0,  2)  0.058  • 

*  10'*,  3)  0.58  •  10"*. 


In  the  case  of  HPC-1  the  rate  of  the  process  decreases 
much  more  sharply  with  increasing  conversion.  This  effect  is 
especially  pronounced  at  higher  CN  concentrations,  as  can  be 
seen  from  a  comparison  of  Curves  3.  Although  the  initial  rates 
of  polymerization  for  these  curves  differ  little,  in  the  subsequent 
experiment  with  HPC-1  the  process  slows  down  very  sharply 
whereas  with  HPC-1,1'  the  rate  alters  relatively  little.  As  a  result, 
19%  conversion  by  weight  is  reached  after  29  hours  with  HPC-1, 
and  after  only  4  hours  with  HPC-1,1’.  On  decrease  of  the  CN 
concentration, the  kinetic  curves  for  HPC-1  and  HPC-1,1’  come 
closer  together  (compare  Curves  2). 

Similar  results  are  obtained  on  comparison  of  the  kinetic 
curves  for  the  two  systems  at  other  temperatures:  25  and  56.4*. 

The  difference  between  of  the  two  systems  is  also  seen 
clearly  on  comparison  of  the  relationship  between  R^,  auJ  [Co]^/ 2 
for  each  (Fig.  8). 

At  all  temperatures, R(,  ishigher  for  HPC-1,1’  in  absence  of 
CN.  However,  the  change  of  Rq  on  addition  of  CN  is  much  more 
pronounced  in  the  case  of  HPC-1.  The  straight  lines  for  HPC-1 
have  a  considerably  greater  slope  at  all  three  temperatures  (com¬ 
pare  1,2,  and  3  respectively). 

It  is  of  considerable  interest,  especially  from  the  practical 
standpoint,  to  compare  the  systems  when  the  polymerization  is 
taken  to  relatively  high  conversions.  The  relevant  data  for 
polymerization  of  styrene  in  ampoules  are  given  in  Tables  3 
and  4. 


It  follows  from  Table  3 that  under  equal  conditions  HPC-1,1’ 
gives  higher  conversions.  The  difference  is  especially  large  at 
high  conversions;  for  example,  after  50  hours  the  conversion 
with  HPC-1  was  48-56%,  whereas  with  HPC-1,1’  it  reached 
80-83%,  In  practice,  in  experiments  with  HPC-1,1’  quite  hard 
glassy  polystyrene  samples  with  low  volatile  contents  can  be 
obtained  after  50-55  hours  (t  =  38.4*).  The  polymers  so  formed 
are  completely  soluble.  In  a  control  experiment  with  2% 

BzjOj  at  the  same  temperature  the  conversion  of  styrene  after 
41  hours  reached  only  19  wt.%.  Comparison  of  the  values  of 
[h]  given  in  Table  4  suggests  that  polymers  formed  in  presence 
of  HPC-1,1’  have  somewhat  lower  molecular  weights. 

To  summarize,  we  may  note  that  the  oxidation-reduction 
systems  HPC-1  +  CN  and  HPC-1,1’  +  CN  differ  considerably 
from  each  other. 


EXPERIMENTAL  PROCEDURE 

The  preparation  of  the  styrene  and  the  experimental 
conditions  of  polymerization  in  dilatometers  were  the  same  as 
before;  [1]. 

The  synthesis  of  HPC-1,1’,  which  is  stated  to  have  the 
structure: 
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Fig.  7.  Kinetic  curves  for  polymerization  with 
different  CN  concentrations  in  presence  of  HPC-1 
(a)  and  HPC-1, 1*  (b);  A)  conversion  (moles/ 
liter),  B)  conversion  (wt,%),  C)  time  (hours); 
concentration  of  CN  (moles  Co/ liter);  1)  0,  2) 
0.058  *  10-*,  3)  5.8*  10' 
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A 


Fig.  8.  Effect  of  accelerator  con¬ 
centration  on  the  initial  rate  of 
polymerization  Ro  :  A)  initial  rate 
of  polymerization  •  10*  (mole^ 
liter  .  second),  B)  [Co]^/*  *  10*, 
where  [Co]  is  the  CN  concentration 
(in  moles  Co/ liter);  a)  HPC-1,  b) 
HPC-1,1‘;  temperature  ('C):  1)25, 
2)  38.4,  3)  56.4. 


TABLE  3 


Variation  of  Conversion  with  Time;  t  =  38.4*,  catalyst  concentration 
0.8  mole/ liter 


Duration  of 
polymeriza¬ 
tion  (hours) 

Conversion  (wt.7o) 

concentration  of  CN  (moles  Co/llter) 

1  0  1 

0.058 

■  10-> 

0..58 

.  10-* 

HPC-1 

HPC-U’ 

HPC-1 

HPC-1,1’ 

HPC-1 

iipc-i,r 

1 

1 

1.9 

4.8 

5.7 

7.7 

11 

12.2 

15.8 

2H 

20.3 

19.3 

27.2 

30 

24.9 

31.S 

39.8 

44.5 

30.8 

.50.0 

50 

36 

41.9 

.56 

80.0 

48.3 

83 

TABLE  4 


Variation  of[Tl]  with  Polymerization  Time;  t  =  38.4“,  catalyst  con¬ 
centration  0.8  mole/  liter 


Duration  of 
polymeriza¬ 
tion  (hours) 

1  Intrinsic  viscosity  [  tj] 

1  concentration  of  CN  (moles  Cc/ liter) 

1  0  j 

0.058 

■  io->  1 

0.58 

10-> 

HPC-1 

HPC-1,1’ 

HPC-1 

HPC-IA’ 

HPC-1 

HPC-1,1’ 

1 

0.17 

(r.07 

0.1 

0.16 

11 

0.2 

0.10 

0.18 

0.10 

0.28 

0.1 

30 

0.25 

0.15 

0.27 

0.15 

0.4 

0,15 

.50 

0.28 

0.17 

0.39 

0.22 

0.5 

0.31 
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was  effected  by  the  Milas  method  [2,3],  by  the  reaction  of  concentrated  HjOj  solutions  (80-90%)  with  cyclo¬ 
hexanone. 

The  components  were  taken  in  the  proportions  of  2  moles  of  H2O2  (as  2.7  M  solution  in  diethyl  ether)  to  1 
mole  of  cyclohexanone.  The  reaction  was  carried  out  at  room  temperature  without  stirring.  After  20  hours  of 
standing. the  ether  was  evaporated  off  under  vacuum  and  the  residual  oil  was  kept  under  vacuum  for  2  hours  at 
30*,  and  then  under  atmospheric  pressure  at  20*.  After  5-10  hours  the  product  began  to  crystallize.  After  15-20 
hours  the  crystalline  substance  was  separated  off  on  a  Schott  filter  and  recrystallized  twice  from  methanol.  0.75  g 
of  methanol  was  taken  per  1  g  of  substance;  the  treatment  temperature  was  40-45*.  The  recrystallized  substance 
was  dried  under  vacuum  at  40®. 


The  same  batch  of  HPC-1,  1’  was  used  for  all  the  polymerization  experiments.  The  substance  melted  at 
82.5-83.5*  and  contained  17.5%  active  oxygen. 


SUMMARY 

1.  The  action  of  an  oxidation— reduction  system  consisting  of  l,l*-bis-hydroperoxodicyclohexyl  peroxide 
(HPC-1,1')  and  cobalt  naphthenate  was  studied  in  the  block  polymerization  of  styrene;  it  was  found  that  the 
system  is  active  at  low  temperatures  (25-56*). 

2.  The  initial  rate  of  polymerization  (R^,)  increases  with  the  Co  concentration.  The  relationship  between 
R()  and  [Co]  ^^2  is  linear. 

3.  In  the  region  of  low  conversion, [  t|]  of  the  polymers  is  almost  unaffected  by  addition  of  CN,  but  it 
increases  appreciably  at  high  conversions.  The  value  of  [  tj]  increases  with  the  CN  concentration. 

4.  Comparison  of  the  oxidation  —  reduction  systems  1 -hydroxy -I’-hydroperoxodicyclohexyl  peroxide 
(HPC-1)  +  CN  and  l,l*-bis-hydroperoxodicyclohexyl  peroxide  (HPC-1,1')  +  CN  revealed  a  considerable  differ¬ 
ence  between  the  effects  of  the  two  systems;  a)  in  absence  of  CN. HPC-1,1'  is  the  more  active  catalyst,  but 
addition  of  CN  produces  a  smaller  increase  of  R^  with  this  catalyst;  b)  with  HPC-1,1'  the  polymerization  rate 
changes  much  less  with  increasing  conversion  and  remains  high  at  high  conversions,  so  that  the  total  time  required 
to  reach  high  conversions  (80-100%  by  weight)  is  much  less  with  HPC-1,1';  c)  the  molecular  weight  of  the  poly¬ 
mers  is  lower  with  HPC-1,1'. 
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STUDY  OF  THE  CHEMICAL  STRUCTURE  OF  E  M  U  L  S  lO  N  -  PO  L  Y  M  E  RI Z  E  D 
DIVINYL  RUBBERS  MADE  AT  +  50  AND  -  35* 

A.  I.  Yakubchik,  S.  K.  Zykova,  and  V.  M.  Vlasova 

The  purpose  of  the  present  investigation  was  to  carry  out  a  comparative  study  of  the  chemical  structure 
of  divinyl  (butadiene)  rubbers  made  by  emulsion  polymerization  in  an  acid  medium  at— 35  and  +50*  .* 

Most  investigations  of  the  chemical  structure  of  divinyl  rubbers  have  been  concerned  with  determinations 
of  the  percentage  contents  of  1,2  units  and  of  the  cis  and  trans  forms  of  1,4  units  [1-3]. 

It  has  been  found  that  the  polymerization  temperature  has  little  effect  on  the  percentage  content  of  1,2 
units  in  emulsion -polymerized  divinyl,  but  has  a  significant  influence  on  the  contents  of  cis  and  trans  1,4  units. 
These  results  were  obtained  by  means  of  ozonolysis  and  infrared  spectroscopy  [1-3]. 

We  used  the  ozonolysis  method,  which  gives  not  only  the  relative  amounts  of  1,2  and  1,4  units  but  also 
their  relative  arrangement. 

The  structure  of  emulsion -polymerized  divinyl  rubber  was  studied  by  the  ozonolysis  method  by  Hill  et  al. 
[4].  The  ozonides  were  decomposed  by  the  action  of  hot  water  and  the  volatile  decomposition  products  were 
distilled  off  under  vacuum.  The  remaining  ozonolysis  products  were  oxidized  by  1'%  aqueous  potassium  perman¬ 
ganate  solution.  The  resultant  mixture  of  acids  was  separated  by  distillation  of  their  methyl  esters. 

In  our  Investigation  the  emulsion -polymerized  rubber  ozonides  were  decomposed  by  means  of  acetyl  hydro 
peroxide  in  acetic  acid  [5,  6],  and  the  acid  mixtures  were  separated  and  identified  by  the  method  of  partition 
chromatography  [5],  which  had  been  used  earlier  by  Marvel  [7-9]  for  the  same  purpose.  The  methods  for 
separation  and  analysis  of  the  acid  mixtures  were  described  by  us  earlier  [5]. 

The  individual  acids  in  the  mixtures  were  identified  by  comparison  of  chromatograms  of  the  mixtures 
with  chromatograms  of  individual  known  acids,  described  as  standard  acids  (the  peaks  for  the  standard  acids 
are  indicated  by  dash  lines  in  Fig.  1,2). 

The  qualitative  and  quantitative  compositions  of  the  acid  mixtures  formed  by  ozonolysis  of  +50  and  —35* 
rubber  are  given  in  Table  1.  The  regions  of  the  macromolecules  from  which  these  acids  originated  are  indicated 
in  Table  2. 

Apart  from  the  acids  which  have  been  presumed  and  alieady  found  in  the  ozonolysis  products  of  emulsion - 
polymerized  divinyl  rubbers  [4,  10-12],  we  found  1,  2,  3-propanetricarboxyllc  and  levulinlc  acids,  which  had 
already  been  identified  in  emulsion -polymerized  rubbers  by  Marvel  [8,9]  and  Shikheeva  [11]. 


•For  brevity,  these  are  termed  +50*  rubber  and —35*  rubber. 
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TABLE  1 

Quantitative  and  Qualitative  Composition  of  Mixtures  Formed  by  Oxidative  Decom¬ 
position  of  the  Ozonides  of  +50  and  ~35“  Rubbers 


Peak 

No. 

Acid 

+  50* 

rubber 

—  35"  rubber 

amount  of  acids 

contents  of 

amount  of  acids 

contents  of 

in  sample 

total 

(g) 

C  in 
acid 

(g) 

eton  of 
rubber 
in  acid 
(‘7o) 

in  sample 

total 

(g) 

C  in 
acid 

(g) 

carbon 
skel¬ 
eton  of 
rubber 
in  acid 

meq 

g 

■ 

meq 

g 

Viscous  acids 

Vi 

SCO  us 

a  c  ic 

s 

II 

Levulinic 

0.0372 

0.(HV'i3 

0.1072 

0.0.').'’)'i 

1.02 

0.024 

0.0027 

0.0700 

0.0.39 

0.74 

IV 

Formic 

0.0/i25 

0.0019 

0.0474 

0.0123 

0.227 

0.0137 

O.IKXMi 

0.017 

0.(MM)'t 

0.1  H)8 

VT 

Succinic 

0..5217 

0.0308 

0.7083 

0.312 

.5.7.5 

0.2970 

0.0175 

0.4903 

0.2015 

3.83 

VII 

1,2,4-Bu- 

tanetilcar- 

boxylic 

1.471)2 

0.0934 

2.33 

1.03 

19.(Ht 

I.II8 

0.0707 

2.0<Mi 

0.8800 

10.90 

VIII 

1,2,3-Pro- 

panetricar- 

boxyllc 

0.2r)3,S 

0.0148 

0.309 

it.lSl 

2.78 

0.1713 

0.(M)99 

0.280.5 

0.1 147 

2.18 

IX 

1.2.4.6- 

Hexanetetra- 

carboxylic 

o.os.^s 

0.003(i 

0.0898 

0.0411 

0.7.5 

0.0271 

0.0010 

0.0454 

0.0208 

0.40 

Crystals 

I 

Crystals  I 

VI 

Succinic 

o.iwsjo.oin 

0.902 

0.300 

0.75 

0.2152 

0.01271  2.21 

10.8972117.08 

Crysta  Is 

II 

Crystals 

II 

VI 

Succinic 

0.220 

0.0133 

3.r.i 

1.42 

20.2 

0.1900 

0.01 10 

3.88 

1.28 

24.42 

VII 

1,2,4-Butane- 

tricarboxylic 

0.(K».5S 

IMHI03 

0.08 

0.035 

o.ti 

— 

— 

- 

- 

Total 

03.0S 

05.56 

TABLE  2 

Contents  of  the  Carbon  Skeleton  of  +50  and  —35*  Rubbers  Found  in  Definite  Regions  of 
the  Macromolecules 


Peak 

No. 

Acid 

content  of 
carbon 
^eleton  of 
rubber  in  acid 

1 

Region  from 
which  acid 
originated 

Contents  of 
carbon  skel¬ 
eton  of  rub' 
ber  in  units 

Contents  of  carbon 
skeleton  of  rubber 
in  units 

1-50" 

-35° 

1 

,3 

1 

1 

+50°  1 

1  -35° 

+50° 

-35' 

11 

Levulinic 

1.02 

0.74 

1,4- 1.2-1. 4* 

1.30 

0.98 

0.08 

0.37 

0.08 

0.37 

IV 

VI 

Formic 

Succinic 

0.23 

38.70 

0.008 

4.5.33 

1,2  units 
1.4- 1.4 

38.70 

45.33 

.38.70 

45.33 

VII 

1, 2,4 -Butane - 
tricarboxylic 

19.00 

10.90 

1.4— 1,2— 1.4 

22.40 

19.28 

11.20 

9.04 

11.20 

9.04 

Mil 

1,2,3-Propane- 

tricarboxylic 

2.78 

2.18 

1/4-1, 2-1. 4* 

.3.17 

2.48 

1.58 

1.24 

1.58 

1.24 

l\ 

1,2,3-Propane- 

tricarboxylic 

0.75 

0.40 

1.4 -(1,2).,-- 

0.90 

0.48 

0.00 

0.20 

0..30 

0.13 

CO2  liberated 
during  decom¬ 
position  of 
jozonide 

0.33 

0.82 

1.4 

03.41 

1  ()0.3S 

1  00.53 

08.55 

14.00 

1  11.51 

.52.40| 

.50.71 

Abnormal  ozonolysis  products  from  1,4-1, 2-1, 4  region 


The  formation  of  1,2,3-propanetricarboxylic  acid  may  be  accounted  for  in  two  ways;  first,  1,2,3-propane- 
tricarboxylic  acid  may  have  been  formed  from  the  1,4-1, 4  region  as  the  result  of  chain  transfer  by  the  growing 
radical  at  the  a -methylene  group  [8,  11]: 

— ciia— cn^cii— C1I2— CII2— cii=cii-ch2—  . .  +  h'  > 

-Clli— Cll=CII-(;i!-t:il2— CH=CI1— cil.,—  4-  KIT; 

I 

second,  addition  of  monomer  molecules  to  a  new  radical  gives  a  branched  region  (I); 


-Cll.,— Cllr^cn— CM— Clio 

I 

CIl., 

I 

Cl  I 

II 

CIl 

I 

CII2 

I 

Ozonolysis  of  region  (I)  should  yield  1,2,3-propanetricarboxylic  acid. 

The  formation  of  region  (I)  may  lead  not  only  to  branching  but  also  to  cross  linking  of  the  molecules. How¬ 
ever  .Drysdale  and  Marvel  [13]showed  that  this  kind  of  branching  of  divinyl  molecules  at  the  ot -methylene  carbon 
in  radical  polymerization  is  unlikely.  Second,  it  may  be  supposed  that  1,2,3-propanetricarboxylic  acid  may  be 
formed  as  the  result  of  secondary  reactions  during  ozonolysis  of  rubbers  from  the  1,4— 1, 2-1,4  regions  [8,  9]. 


— Cn=Cll— CH2— 

(1) 


etfO  720  800  880  960 


35%  90% 

100  ml  1Z5m\ 


mo  1120  mo 


B 


Fig.  1.  Chromatogram  (medium  column)  of  the  acids  formed  by  ozonolysis  of —35“  rubber 
(viscous  acids):  A)  amount  of  0.028  N  alkali  (ml)  for  titration  of  the  eluate.B)  volume  of 
eluate  (ml);  peaks:  II)  levulinic ;  III)  acetic;  IV)  formic;  VI)  succinic;  VII)  1,2,4-butane- 
tricarboxylic;  VIII)  1,2,3-propanetricarboxylic;  IX)  1,2,4,6-hexanetetracarboxylic  acid; 
the  numbers  above  represent  the  development  system,  the  percentage  content  of  butanol  in 
chloroform  and  the  amount  of  motile  solvent  (ml). 
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Evidence  in  support  of  this  hypothesis  is  the  presence  of  propanetricarboxylic  acid  in  the  ozonolysis  prod¬ 
ucts  of  vinylcyclohexene  [8,9,14,15],  which  is  a  model  of  the  1,4— 1,2-1, 4,  region. 

The  ozonolysis  products  of  our  rubbers  were  found  to  contain  a  small  amount  (  ~3%of  the  carbon  skeleton 
of  the  rubber)  of  1,2,3-propanetricarboxylic  acid,  which  is  the  abnormal  product  of  ozonolysis  of  1,4— 1,2-1, 4 
regions  in  these  rubbers.  Levulinic  acid  could  have  been  formed  from  an  isomerized  1,4-1, 2-1,4  region  [9].  In 
addition,  this  acid  may  have  been  the  product  of  abnormal  decomposition  of  ozonides  [16].  Ziegler  [16]  considers 
that  levulinic  acid  is  formed  as  the  result  of  peroxide  —  formate  regrouping  from  the  1,4— 1, ^1,4,  region,  where 
the  1,2  link  contains  a  tertiary  carbon  atom  in  the  a -position  with  respect  to  the  carbon  linked  by  a  double  bond. 


Fig.  2.  Chromatogram  (medium  column)  of  acids  from  +50"  rubber  (viscous  acids);  cap 
tion  as  in  Fig.  1. 


Levulinic  acid  was  found  in  the  oxidative -decomposition  products  of  vinylcyclohexene  ozonide  [14-16]; 
this  confirms  that  the  acid  can  be  formed  from  the  1,4-1 ,2— 1,4  region  as  the  result  of  abnormal  decomposition 
of  ozonides. 

Succinic,  1,2,4-butanetricarboxylic,  and  1,2,4,6-hexanetetracarboxylic  acids  are  the  normal  ozonolysis 
products  of  the  1,4^1,4;  1,4-1, 2— 1,4;  l,4-(  1,2)2— 1,4  regions  respectively. 
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In  the  acids  which  we  identified  —  ozonolysis  products  of  the  two  rubbers  —  we  found  63-65%  of  the  carbon 
skeleton  of  the  rubbers.  The  remaining  35%  of  the  carbon  skeleton  includes,  first,  the  three  unidentified  acids 
which  corresponds  to  the  peaks  l\  I,  IV^,  V  in  the  chromatograms  (Fig.  1  and  2)  and  second,  losses  which  might 
have  occurred  in  the  oxidative  decomposition  of  ozonides  and  as  the  result  of  partial  breakdown  of  the  acids  by 
the  action  of  acetyl  hydroperoxide  [6]. 

The  chromatograms  of  the  mixed  acid  ozonolysis  products  of  the  two  rubbers  were  used  to  calculate  the 
amount  of  each  acid  in  the  mixtures  and  the  proportion  of  the  carbon  skeleton  of  the  rubber  present  in  each  acid. 
The  percentage  of  the  carbon  skeleton  corresponding  to  the  region  of  the  macromolecule  from  which  a  given 
acid  was  formed  was  calculated  from  the  amount  of  acid. 

The  results  are  given  in  Tables  1  and  2. 

Acetic  acid  was  not  taken  into  account,  as  it  was  used  as  the  medium  for  oxidative  decomposition  of  the 
ozonides. 

It  follows  from  Table  2  that  +50  and  —35"  rubbers  are  very  similar  in  chemical  structure  (within  the  limits 
of  the  carbon  skeleton  accounted  for);neither  are  there  large  differences  in  the  distribution  of  the  different  units. 


EXPERIMENTAL 

Divinyl  rubbers  made  by  emulsion  polymerization  in  an  acid  medium  at— 35  and  +50"  were  taken  for  the 
experiments. 

The  rubber  made  ^t  — 35"  was  purified  by  3-fold  precipitation  by  ethyl  alcohol  from  2%  solution  in  benzene. 
Neozone  D  (0.2%)  was  added  to  the  alcohol  in  the  precipitation.  The  rubbers  were  precipitated  and  dissolved 
in  an  atmosphere  of  purified  nitrogen.  The  +  50"  rubber  was  purified  by  extraction  with  an  azeotropic  mixture 
(70  parts  of  ethyl  alcohol  and  30  parts  of  toluene)  in  a  Soxhlet  apparatus. 

The  rubbers  were  dried  under  2-3  mm  vacuum  at  34". 

Results  of  Combustion  of  Rubbers  with  Copper  Oxide 

Found  %:  C  88.49,  H  11.23  for  —35"  rubber; 

C  88.58,  H  11.01  for  +50"  rubber. 

(C4H6)n  .  Calculated  %:  C  88.88,  H  11.11. 

The  degree  of  unsaturation  was  determined  only  for  the  ~35"  rubber,  as  the  +50"  rubber  was  insoluble.  Un¬ 
saturation  of  the— 35"  rubber  was  determined  by  VasiTev’s  method  for  divinyl  rubbers  [17].  The  unsaturation  of 
—35"  rubber  found  by  this  method  was  89.85%.  The  content  of  external  double  bonds  in  the  —35*  rubber  was  26.7% 
(by  the  method  with  formic  acid  and  aldehyde  [1]). 

Ozonized  oxygen  (containing  6-77oozone)  was  used  for  ozonation  of  the —35  and  +50"  rubbers.  Ozonized 
oxygen  was  passed  at  a  rate  of  20  liters/  hour  through  a  suspension  of  rubber  in  methyl  acetate.  The  ozonation 
was  performed  at  -20,-25". 

The  course  of  ozonation  was  followed  by  determinations  of  the  ozone  concentrations  in  the  incoming  and 
outgoing  gas  by  iodometric  titration.  The  oxidative  decomposition  of  rubber  ozonides  was  effected  by  the  action 
of  acetyl  hydroperoxide  in  acetic  acid  [6].  Acetyl  hydroperoxide  was  prepared  by  the  action  of  acetic  anhydride 
(b.p.  136")  on  concentrated  hydrogen  peroxide  in  presence  of  concentrated  sulfuric  acid.  The  acetyl  hydroperoxide 
so  prepared  was  usually  of  56-57%  concentration.  All  the  operations  in  the  oxidative  decomposition  of  rubber 
ozonides  were  performed  in  the  same  sequence  as  in  the  earlier  investigation  [14], 

It  is  possible  that  secondary  processes  occur  during  oxidative  decomposition  of  ozonides,  and  some  of  them 
may  be  accompanied  by  liberation  of  gaseous  products;  we  therefore  attempted  to  collect  such  gaseous  products 
in  all  the  experiments  on  oxidative  decomposition.  The  gas  was  collected  in  gas  holders  filled  with  a  saturated 
solution  of  common  salt. 
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Fig.  3.  Chromatogram  (medium  column)  of  acids  from  —35*  rubber  (crystals  I);  caption 
as  in  Fig.  1. 

A  control  experiment  was  carried  out  for  comparison:  acetyl  hydroperoxide  and  acetic  acid,  in  the  quantity 
necessary  for  decomposition  of  rubber  ozonide  (calculated  for  3  g  of  rubber)  were  subjected  to  the  same  procedure 
as  in  the  experiments  with  rubber.  The  liberated  gas  was  collected  and  analyzed.  Analysis  showed  that  the 
gases  consisted  mainly  of  oxygen  and  carbon  dioxide.  The  same  components  were  found  in  the  gas  in  the  control 
experiment.  The  amounts  of  the  gases  liberated  in  the  oxidative  decomposition  of  both  rubber  ozonides  were 
found  from  the  amounts  of  gases  liberated  in  the  control  experiment  and  in  the  oxidative  decomposition  of  the 
ozonides  respectively.  The  proportion  of  the  carbon  skeleton  of  the  rubber  present  in  the  liberated  carbon  dioxide 
was  calculated;  it  was  found  to  be  0.33%  for  +50*  rubber,  and  0.82%  for  the  —35*  rubber. 

At  the  end  of  the  oxidative  decomposition  of  ozonides  ihe  excess  acetyl  hydroperoxide  in  the  mixture  of 
products  was  decomposed  by  means  of  platinum  black.  Complete  disappearance  of  peroxide  was  indicated  by  the 
potassium  iodide  test.  A  qualitative  test  for  aldehydes  was  negative. 

The  crystals  deposited  in  the  ozonolysis  products  were  filtered  off  and  dried  (crystals  I).  Acetic  acid  was 
distilled  off  from  the  solutions  of  the  ozonolysis  products  of  both  rubbers  at  10-13  mm  and  bath  temperature 
35-40*,  with  a  system  of  uaps  with  water  in  order  to  collect  any  acids  which  might  distil  over  with  the  acetic 
acid;  the  yellowish  viscous  mass,  permeated  with  crystals,  which  remained  after  removal  of  acetic  acid  was 
separated  into  two  portions  —  crystals  II  as  "viscous  acids"  —  by  treatment  with  ethyl  ether. 

The  acid  products  of  rubber  ozonolysis  were  separated  and  analyzed  by  partition  chromatography  [5], 
Levulinic,  formic,  acetic,  and  succinic  acids  were  used  for  preparation  of  the  artificial  mixtures  .  In  addition, 
the  following  acids  were  synthesized  for  this  purpose:  1,2,4-butanetricarboxylic,  1,2,3-propanetricarboxylic, 
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Fig.  4.  Chromatogram  (small  column)  of  acids  from  —35*  rubber  (crystals  II); 
caption  as  in  Fig.l. 

and  1,2,4,6-hexanetricarboxylic.  Small  columns  (internal  diameter  16  mm,  7  g  of  silica  gel)  and  medium 
columns  (internal  diameter  18  mm,  22  g  of  silica  gel)  were  used  for  the  chromatographic  separations.  The 
columns  were  packed,  the  solvents  prepared,  and  the  acids  eluted  as  described  previously  [5,  14].  Chromato¬ 
grams  were  obtained  for  solutions  of  acid  products  of  ozonolysis  of  +50  and  —35"  rubbers  ("viscous  acids"), 
in  a  mixture  of  tertiary  amyl  alcohol  and  chloroform  in  a  small  column,  and  in  water  in  a  medium 
column  (the  latter  are  shown  in  Fig.  1,  2).  With  the  medium  column, samples  weighing  0.1226  g  were 
taken  in  1.2  ml  of  water  (+50*  rubber),  and  the  eluate  was  titrated  by  0.028  N  NaOH  solution  (Fig. 1,2). 
Solutions  of  crystals  I  and  II  in  50%  mixture  of  isoamyl  alcohol  and  chloroform  were  passed  through  small 
columns  under  the  same  conditions  as  those  used  for  viscous  acids  (Fig.  3-6).  The  weights  taken  were: 
crystals  I,  0.0137  g;  n,  0.0134  g  (-35*  rubber);  I.  0.0123  g;  H,  0.0137  g  (+50*  rubber). 

The  same  conditions  (efflux  rate,  developing  system,  volume  of  solution)  were  used  for  passing  solutions 
of  standard  acids  for  chromatographic  identification  of  the  acids  in  the  unknown  mixtures  (results  are  shown 
by  dash  lines  in  the  chromatograms  in  Fig.  1-4). 

Acetic  acid  distilled  off  from  the  ozonolysis  products  of  the  two  rubbers,  and  water  from  the  traps  used 
in  the  distillation  of  the  acetic  acid,  were  passed  through  a  small  chromatographic  column. 

The  chromatograms  showed  that  only  small  amounts  of  acids  are  carried  over  with  the  acetic  acid,  and 
no  acids  were  detected  in  the  water  traps. 
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acids  from  +50*  rubber  (crystals  I);  caption 
as  in  Fig.  1. 


Fig.  6.  Chromatogram  (small  column)  of  acids 
from  +50“  rubber  (crystals  I);  caption  as  in 
Fig.  1. 


SUMMARY 

1.  The  ozonolysis  products  of  +50  and— 35"  rubbers  were  found  to  contain  1,2,3-propanetricarboxylic 
acid  and  levulinic  acid,  which  are  the  products  of  abnormal  decomposition  of  ozonides  of  1,4-1, 2-1, 4  regions. 

2.  The  chemical  structures  of  the  two  rubbers  (within  the  limits  of  the  carbon  skeleton  accounted  for) 
are  similar. 
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EPOXY  RESINS  BASED  ON  DIP  H  E  N  Y  LO  LE  T  H  A  NE  (4.4’-DIHYDROXY- 
DIPHENYLMETHYLMETHANE )  AND  PHENOL-ACETALDEHYDE  RESINS 

G.  L.  Yukhnovskii  and  Zu  Khva-den 


Epoxy  resins  are  condensation  products  of  epichlorohydrin  (ECH)  with  di-  or  polyhydric  phenols,  usually 
diphenylolpropane  [1],  Resorcinol,  hydroquinone,  and  other  polyhydric  phenols  are  also  used  [2],  The  use  of  a 
low-molecular  alkylphenol  novolac  resin  as  the  polyhydric  phenol  is  described  in  a  patent  [3]. 

The  present  investigation  was  concerned  with  the  use  of  diphenylolethane  (DPE)  and  phenol— acetaldehyde 
resins  as  polyhydric  phenols  instead  of  diphenylolpropane  (DPP).  This  work  was  carried  out  in  connection  with  the 
raw  materials  available  in  Korea.  As  is  known,  diphenylolpropane  is  synthesized  from  phenol  and  acetone, 
while  diphenylolethane,  like  phenol— acetaldehyde  resins,  is  made  from  phenol  and  acetaldehyde. 

In  Korea  .acetone  and  acetaldehyde  are  produced  from  acetylene.  In  consequence,  the  cost  of  acetaldehyde 
is  considerably  lower  than  the  cost  of  acetone.  Therefore  replacement  of  acetone  by  acetaldehyde  in  the  pro¬ 
duction  of  epoxy  resins  is  of  great  practical  importance. 

We  found  no  publications  on  this  subject  in  the  literature. 

At  the  start  of  this  investigation  we  used  DPE  obtained  from  the  works,  previously  distilled  with  steam  to 
remove  free  phenol,  for  synthesis  of  epoxy  resins. 

With  the  molar  proportions  of  1-2  moles  of  ECH  to  1  mole  of  DPE.cross -linked  polymers  were  always 
obtained:  these  were  insoluble  in  all  solvents. 

It  was  of  great  interest  to  find  why  cross-linked  polymers  were  formed. 

The  formation  of  a  space  polymer  in  the  reaction  of  DPE  with  ECH  indicates  that  DPE  contains  more 
more  than  two  functional  groups  in  the  molecule. 

A  cross-linked  polymer  may  have  been  formed  if,  apart  from  pure  DPE,  its  polymer  homologs  also  took 
part  in  the  reaction  according  to  the  following  scheme: 


iH)C„ii.-rH-|-c,H,(()ii)-cii  -l-c.n.om-ciij-CH-cii, 
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It  was  therefore  necessary  to  prepare  an  epoxy  resin  from  pure  DPE  free  from  homologs.  Pure  DPE  and 
phenol— acetaldehyde  resins  were  synthesized  for  this  purpose. 

Synthesis  of  diphenylolethane  and  phenol— acetaldehyde  resins .  Bayer  [4]  found  as  long  ago  as  1872 
that  resinous  substances  are  formed  when  acetaldehyde  is  added  to  a  mixture  of  phenol  and  sulfuric  acid.  Later 
Fabinyi  [5]  isolated  a  small  quantity  of  a  white  crystalline  substance  of  m.p.  122°,  with  the  composition 

from  the  resin  formed  by  condensation  of  phenol  with  paraldehyde  in  presence  of  stannic  chloride; 
analytical  data  indicated  that  this  substance  was  diphenylolethane.  However ,  it  was  not  until  1904  that 
Lun’yak  showed  [6]  that  to  obtain  crystalline  diphenylolethane  in  good  yields  mixtures  containing  a  large  excess 
of  phenol  should  be  used;  for  example,  4  moles  of  phenol  per  mole  of  aldehyde.  Vansheidt,  Itenberg,  and 
Shifrina  [7]  described  phenol— acetaldehyde  resins  obtained  with  various  molar  proportions  of  phenol  to  acetal¬ 
dehyde  (1  to  4  moles  of  phenol  per  mole  of  acetaldehyde).  They  reported  that  pure  DPE  is  obtained  only  at 
molar  ratios  of  over  4  moles  of  phenol  to  1  mole  of  acetaldehyde.  With  lower  phenol  contents  jjhenol— acetal¬ 
dehyde  resins  of  the  novolac  type  are  formed.  They  also  described  a  method  for  synthesis  of  DPE.  It  has  also 
been  reported  [8,9],  when  phenol  reacts  with  acetylene  in  presence  of  H3PO4  *  BFs  and  HgO  as  catalysts,  DPE 
is  formed  in  yields  of  up  to  50%  of  the  theoretical. 

We  synthesized  DPE  by  the  method  of  Vansheidt  et  al.  (with  4:1  molar  ratio  of  phenol  to  acetaldehyde). 
After  removal  of  free  phenol  by  steam  distillation,  the  melting  point  of  the  product  (which  was  lower  and  less 
sharp  than  that  of  DPE)  and  its  molecular  weight  did  not  correspond  to  pure  DPE.  For  purification,  it  was  recrys  - 
tallized  from  solutions  in  benzene,  toluene,  xylene,  ligroine,  and  ethanol.  Benzene  proved  to  be  the  most 
suitable  solvent.  Benzene  dissolves  DPE  quite  well  on  heating,  and  homologs  are  also  partially  dissolved.  When 
the  benzene  solution  is  cooled, the  DPE  homologs  are  first  deposited  in  the  form  of  a  resinous  mass.  The  benzene 
solution  of  DPE  is  separated  by  decantation  from  DPE  homologs  and  left  to  crystallize.  On  standing,  the  solution 
gradually  deposits  DPE  in  theform  of  crystals.  After  twofold  recrystallization  from  benzene,  DPE  forms  snow- 
white  crystals  melting  at  121°. 

We  synthesized  DPE  with  different  proportions  of  phenol  to  acetaldehyde,  in  the  range  of  4  to  1.75  moles 
of  phenol  to  1  mole  of  acetaldehyde.  In  each  experiment  pure  DPE  could  be  isolated  by  extraction  in  benzene 
followed  by  recrystallization.  The  residue  after  extraction  of  DPE  was  a  phenol— acetaldehyde  resin  of  the 
novolac  type. 


TABLE  1 

Characteristics  of  the  Products  of  DPE  Synthesis 


Resin  code 
mark 

Molar 
ratio  of 
phenol 
to  acet¬ 
aldehyde 

Amou 

(g) 

It 

alde¬ 

hyde 

Yield  (g) 

Amount 
of  DPE  as 
%  of  total 
yield 

Softening 
temp,  of 
resin  after 
separation 
of  DPE  (^C) 

Molecular 
weight  of 
resins  after 
separation 
ofDPE 

phenol 

phenol 

DPE 

resin 

F  -1 

4  :  1 

201.0 

23.5 

9S.1 

51.0 

47.1 

.52.0 

52 

340 

F  -2 

3.5  :  I 

170.0 

23.5 

9.3.0 

29.2 

04.4 

3 1. 2 

51) 

3(>(  1 

F-3 

3  :  1 

151.0 

23.5 

9(  1.5 

1 3.5 

77.0 

1 4.9 

58 

302 

F  - 

2.5  :  1 

120.5 

23.5 

89.1 

10.0 

79.1 

11.2 

59 

.372 

F-5 

2  :  1 

100.5 

23.5 

84.1 

7.1 

77.0 

8.45 

00 

414 

F  -li 

1 .75  :  1 

110.0 

31.35 

103.0 

4.0 

98.1 

4.10 

74 

430. 

Table  1  gives  details  of  tlie  products  formed  and  the  percentage  contents  of  pure  DPE  in  the  products  at 
different  initial  molar  ratios  of  phenol  to  acetaldehyde.  The  synthesis  was  carried  out  at  room  temperature, 
with  a  reaction  time  of  two  days. 

It  follows  from  Table  1  that  even  with  a  4:1  molar  ratio  of  phenol  to  acetaldehyde, an  approximately 
equal  amount  of  phenol— acetaldehyde  resin  is  formed  together  with  DPE.  In  other  cases  DPE  is  also  formed  in 
addition  to  the  resin,  although  the  yield  of  DPE  falls  sharply  with  decrease  of  the  molar  content  of  phenol. 
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TABLE  2 


Characteristics  ol  the  Products  of  Syutliesis  of  Pliciiol— Acetaldehyde  Resins 


Resin 

code 

mark 

Molar  , 
ratio  of 
pnenol  to 
acetal¬ 
dehyde 

A  moil 

1 

phenol 

'it(g) 

aldc- 

liyde 

Yield  of 
resin  (g) 

Softening 

temperature 

Molecular 
weight  of 
resins 

Reaction  conditions 

F  -7 

/,  1 

1  III  K 1 

1  1 7.0 

(Nil 

•>0'( 

1  A  . 

F-s 

:t  •  1 

:(ii2 

'(7.0 

l.s'( 

3.5 

2115 

1  At  room  temperature 

F-n 

2  ;  1 

21 II 

'(7.0 

101 

51 

.3311 

j(20-24')  for  2  days 

F  -III 

1.75  :  1 

I7i 

'(7.0 

151 

0.1 

102 

1 

F-  II 

1 .7.5  ;  1 

110 

31.35 

los 

77 

100 

) 

i  Overnight  at  room 

F-12 

1.5  :  1 

KM) 

31.35 

•13 

M 

0'(O 

j  temperature, then  heated 

1  at  60-6 5“  for  3  hours 

F  -13 

1.5  :  1 

21  to 

02.7 

1 1)3 

S'( 

soo 

1  Overnight  at  room  tern- 

F-1/. 

1.25  :  1 

100 

02.7 

los 

111 

1075 

<perature,  then  heated  at 

F  -15 

1  :  1 

1 33 

li2.7 

13!l 

1  'lOU 

j  85-105“  for  3.5  hours 

As  starting  materials  for  subsequent  synthesis  of  epoxy  resins  we  required,  in  addition  to  DPE,  phenol-acetal¬ 
dehyde  resins  of  different  molecular  weights.  For  tliis  purpose  we  specially  synthesized  a  series  of  resins  of  dif¬ 
ferent  molecular  weights  (without  isolation  of  DPE). 

The  characteristics  of  tliese  resins  and  the  reaction  conditions  are  given  in  Table  2. 

Investigation  of  works  DPE.  To  find  the  causes  of  formation  of  the  cross-linked  polymer,  we  synthesized 
epoxy  resins  with  the  use  of  pure  DPE  of  m.p.  121”. 


The  characteristics  of  epoxy  resins  made  from  pure  DPE  are  given  below. 


Resin  code  mark 

Molar  ratio  of 

Softening  tern- 

Epoxy 

Mol.  wt. 

DPE  to  ECH 

perature  of  resin 

equivalent 

rc) 

No.  1 

1  :  2.5 

liquid 

272 

380 

No.  2 

1  :  2.25 

liquid 

295 

475 

No.  3 

1  :  2.0 

32 

310 

540 

No.  4 

1  :  1.7 

48 

387 

582 

No.  5 

1  :  1.5 

64 

495 

750 

No.  6 

1  :  1.2 

82 

755 

945 

No.  7 

1  :  1.0 

93 

1520 

1280 

It  follows  from  the  above  data  that  space  polymers  are  not  formed  when  epoxy  resins  are  made  with  pure 
DPE  at  any  molar  ratios  of  DPE  to  ECH.  This  shows  that  works  DPE  is  not  an  individual  product,  but  contains 
polyfunctional  DPE  homologs,  which  are  the  cause  of  formation  of  the  cross-linked  polymer. 

To  determine  the  contents  of  pure  DPE  in  works  DPE  we  attempted  to  isolate  pure  DPE  by  benzene  ex¬ 
traction  as  described  above  for  the  synthesis  of  pure  DPE.  Pure  DPE  could  not  be  isolated  by  this  method.  After 
removal  of  free  phenol  the  works  DPE  had  a  softening  temperature  of  76“  and  a  molecular  weight  of  448. 

The  works  procedure  for  synthesis  of  DPE  is  as  follows.  Phenol  is  put  into  a  stainless  steel  reactor  fitted 
with  a  stirrer  and  condenser.  The  phenol  is  melted  at  40-50",  the  stirrer  is  switched  on,  and  hydrochloric  acid 
is  added.  Paraldehyde  is  fed  during  one  hour  at  50“,  and  condensation  then  proceeds  at  65±2“,  for  6  hours. 
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The  formulation  used  in  the  works  production  of  DPE  is  given  below. 

Raw  material  Amount  C/o)  Molar  ratio 

Phenol  .  77.70  1.66 

Paraldehyde .  21.85  1 

Hydrochloric  acid  sp.gr.  1.19 .  0.45  — 

We  repeated  the  synthesis  of  DPE  by  the  works  procedure.  The  resinous  product  was  free  from  phenol  by 
steam  distillation  and  then  treated  with  benzene.  Only  1.5%  of  pure  DPE  was  isolated.  The  rest  was  a  phenol" 
acetaldehyde  resin  of  the  novolac  type. 

The  results  of  Vansheidt  et  al.  [7]  and  the  experimental  data  in  Table  1  show  that  DPE  cannot  be  obtained 
as  the  main  product  by  the  works  procedure  at  the  molar  ratio  of  phenol  to  acetaldehyde  used  (1.66:1). 

The  main  product  obtained  by  the  works  procedure  is  phenol— acetaldehyde  resin,  while  DPE  itself  is  ob¬ 
tained  as  an  impurity  in  very  small  amounts,  or  may  be  entirely  absent. 

Thus,  the  works  product  described  as  DPE  is  not  DPE  but  a  phenol— acetaldehyde  resin,  and  the  formation 
of  a  cross-linked  polymer  in  the  synthesis  of  epoxy  resins  from  works  DPE  is  due  to  the  presence  of  polyfunction¬ 
al  phenol— acetaldehyde  resin. 

EXPERIMENTAL 

Starting  materials.  Acetaldehyde  (in  ampoules),produced  by  the  Khar’kov  Reagent  Factory,  99%  pure, 
b.p.  20-22%  acidity  (CH3COOH)  0.8%. 

Phenol,  chemically  pure  (purity  over  99%),  solidification  point  40.6°,  nonvolatile  content  0.006%. 

Epichlorohydrin  had  the  following  characteristics:  ECH  content  98%,  b.p.  115-119",  sp.gr.  1.183. 

Synthesis  of  epoxy  resins  from  works  DPE.  Works  DPE  was  used  after  removal  of  phenol  in  steam  and 
subsequent  drying  under  vacuum.  The  absence  of  phenol  in  the  product  was  confirmed  by  the  qualitative  reac¬ 
tion  with  FeCls  solution. 

The  calculated  amount  (in  the  correct  molar  proportions)  of  works  DPE  in  ECH  was  put  in  a  3-necked 
flask  fitted  with  a  mechanical  stirrer  and  a  mercury  seal,  a  reflux  condenser,  and  a  thermometer.  The  flask 
was  warmed,  with  the  stirrer  working,  to  60"  on  a  water  bath.  After  the  DPE  and  ECH  had  dissolved  completely, 
15%  NaOH  solution  in  an  amount  equimolecular  with  respect  to  the  ECH  was  added  gradually  during  30  minutes 
from  a  dropping  funnel.  The  temperature  of  the  reaction  mixture  was  maintained  in  the  60-65"  range.  As  the 
reaction  is  exothermic,  the  flask  has  to  be  cooled  in  cold  water  at  intervals  to  maintain  the  required  temperature. 
After  all  the  alkali  had  been  added  .the  reaction  mixture  was  heated  to  70-80"  and  the  reaction  was  continued 
at  that  temperature.  In  all  these  experiments  the  reaction  mass  was  converted  into  a  cross-linked  polymer. 

Synthesis  of  DPE  and  phenol— acetaldehyde  resins.  The  correct  molar  amounts  of  phenol  and  acetal¬ 
dehyde  were  put  into  the  flask.  The  flask  was  firmly  stoppered  to  avoid  evaporation  of  acetaldehyde.  After  the 
phenol  had  completely  dissolved  in  the  acetaldehyde, the  liquid  was  cooled  in  an  ice  bath.  Hydrochloric  acid 
(sp.gr.  1.19)  in  the  proportion  of  0.5%  on  the  total  amount  of  reaction  mixture  was  then  added. 

Cooling  of  the  reaction  mixture,  with  intermittent  shaking,  was  continued  until  the  exothermic  reaction 
stopped,  and  the  flask  was  then  left  at  room  temperature  (20-24°). 

For  synthesis  of  resins  F-1  to  F-6.the  reaction  mixture  was  left  for  48  hours,  washed,  first  with  cold  and  then 
warm  water,  until  free  from  chloride  ions.  The  washed  mixture  was  then  distilled  in  live  steam  to  remove  free 
phenol.  The  steam  distillation  was  continued  until  the  condensate  was  free  from  phenol  (tested  qualitatively 
with  ferric  chloride).  The  mixture  was  then  treated  3-6  times  with  benzene;  for  this,  the  contents  were  boiled 
each  time  under  reflux  with  a  3-fold  quantity  of  benzene.  When  the  benzene  solution  was  cooled,  the  partially 
dissolved  DPE  homologs  were  first  precipitated  as  resinous  masses.  The  benzene  solution  of  DPE  was  decanted  off. 
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and  the  residue  was  added  to  the  main  bulk  of  resin.  After  3-6  extractions ,all  the  DPE  benzene  extracts  were 
combined  and  left  overnight.  The  DPE  was  deposited  in  the  form  of  crystals.  It  was  then  dried  in  a  vacuum 
drying  oven  at  70-80*. 

The  benzene  solutions  remaining  after  separation  of  DPE  crystals  were  combined,  benzene  was  distilled 
off,  and  the  DPE  residues  were  added  to  the  main  mass  of  DPE.  The  resinous  residue  after  removal  of  benzene 
was  dried  under  vacuum. 

Resins  F-7  to  F-10,  after  48  hours  of  exposure  at  room  temperature  and  removal  of  phenol  by  steam  distilla¬ 
tion,  were  dried  under  vacuum  without  separation  of  DPE. 

Resins  F-11  to  F-15  were  left  to  stand  overnight,  additionally  warmed  (Table  2),  and  then  dried  under 
vacuum  after  removal  of  phenol. 

Synthesis  of  epoxy  resin  from  pure  DPE.  The  correct  molar  proportions  of  DPE  and  ECH  were  put  into 
the  flask.  After  all  the  DPE  had  dissolved  in  ECH, the  flask  was  cooled  and  the  calculated  amount  (equivalent 
to  the  ECH  present)  of  15%  NaOH  was  added  from  a  dropping  funnel.  The  temperature  in  the  flask  was  main¬ 
tained  below  25®  by  means  of  cold  water.  The  contents  of  the  flask  were  stirred  for  5-10  minutes.  The  tem¬ 
perature  then  gradually  rose  to  50*.  A  strongly  exothermic  reaction  then  started. 

The  mixture  was  cooled  intermittently  to  keep  its  temperature  in  the  52-55®  range  for  30  minutes.  The 
mass  was  then  heated  to  between  70  and  100®,  according  to  the  resin  viscosity  required  (higher  temperatures  cor¬ 
respond  to  higher  viscosities).  The  mixture  was  kept  1.5  hours  at  the  required  temperature.  The  resin  was  washed 
with  hot  water  (until  neutral  to  litmus  paper)  and  dissolved  in  a  solvent  mixture  (50%  ethyl  acetate,  25%  toluene, 
25%  acetone).  The  solution  was  filtered  under  vacuum  and  the  solvents  were  removed  by  straight  distillation.  The 
resin  was  then  dried  under  vacuum  to  remove  residual  solvents. 

Epoxy  groups  were  determined  by  the  pyridine  hydrochloride  method  [2]. 

Molecular  weight  was  determined  cryoscopically  in  dioxane  solution.  Freshly -purified  and  redistilled 
dioxane  was  used.  The  dioxane  was  purified  as  follows:  it  was  shaken  in  a  liter  flask  with  mercury  on  an  elec¬ 
tric  shaker  for  a  day.  It  was  then  left  to  stand  overnight,  filtered,  and  distilled  over  alkali  in  a  nitrogen  atmos¬ 
phere. 

SUMMARY 

1.  It  was  shown  that  when  phenol  reacts  with  acetaldehyde  in  4:1  molar  ratio^DPE  is  not  the  only  reac¬ 
tion  product,  but  phenol— acetaldehyde  resins  are  also  formed. 

2.  Conditions  have  been  worked  out  for  isolation  of  DPE  in  pure  form  from  phenol— acetaldehyde  resins  by 
extraction  in  benzene  and  subsequent  crystallization. 

3.  DPE  was  isolated  quantitatively  from  phenol— acetaldehyde  resins  made  with  phenol  and  acetaldehyde 
taken  in  molar  ratios  of  4:1,  3.5  :  1,  3:  1,  2.5  :  1,  2 :  1,  1.75  :  1,  It  was  shown  that  decrease  of  the  molar 
proportion  of  phenol  leads  to  a  sharp  decrease  of  the  DPE  content  in  the  resin. 

4.  The  causes  of  formation  of  a  cross-linked  polymer  in  the  synthesis  of  epoxy  resins  from  works  DPE 
have  been  found.  The  formation  of  a  cross-linked  polymer  is  caused  by  the  presence  of  polyfunctional  DPE 
homologs.  Pure  DPE  does  not  form  cross-linked  polymers  with  ECH  in  any  molar  proportions. 

5.  It  was  shown  that  the  product  issued  by  the  works  under  the  name  of  DPE  is  not  DPE  but  a  phenol-acetal¬ 
dehyde  resin,  and  that  by  the  technological  procedure  used, DPE  can  be  formed  only  as  a  minor  impurity. 
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WATERPROOFING  OF  PAPER  BY  ALKYL  A  C  E  TO  X  Y  S IL  A  N  E  S  AND 
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M.  G.  Voronkov,  V.  P.  Davydova,  and  N.  P.  Grishanina 
Institute  of  Silicate  Chemistry,  Academy  of  Sciences  USSR 


This  paper  describes  some  results  of  our  studies  on  the  waterproofing  of  paper  by  organic  acetoxysilanes 
Ri^Si(OCOCH3)4_|^  and  acetoxysiloxanes.  For  comparison,  we  also  present  data  on  the  use  of  polyalkyl  hydro- 
siloxanes  (RSiHO)n,  where  R  is  CH3  or  C2H5,  polymethylsilazane  [CH3Si(NH)i  5]^  and  methyltrichlorosilane. 


EXPERIMENTAL 

The  acetoxysilanes  listed  in  Tables  1  and  2  were  used  for  waterproofing  of  paper. 

Paper.  The  following  types  of  sized  and  unsized  paper  were  used  for  the  tests:  1)  laboratory  filter  paper 
(TIIMM  and  TP  RSFSR,  No.  304-53);  2)  sulfite-pulp  wrapping  paper,  made  on  the  cylinder  machine,  smooth  on 
one  side;  3)  cylinder-machine  kraft  paper,  machine -smooth. 

Waterproofing  method.  The  compounds  were  dissolved  in  dry  toluene  to  give  the  waterproofing  solutions 
of  required  concentrations.  The  paper  samples  were  put  for  a  definite  time  in  these  solutions,  contained  in 
covered  beakers.  The  samples  were  removed  from  the  solution,  dried  in  air  until  all  the  solvent  had  evaporated, 
and  warmed  in  a  thermostat  at  105-110"  for  a  definite  time. 

Methods  of  testing  waterproofed  paper.  Water  resistance  and  water  absorption  were  determined  by  the 
methods  described  earlier  [1,2]. 


DISCUSSION 

For  determination  of  the  optimum  concentration  of  the  waterproofing  solution  and  treatment  time  we  used 
methyltriacetoxy  silane  (A-1)  as  the  specimen  substance  in  studies  of  the  variation  of  water  resistance  of  paper 
with  the  concentration  of  A-1  in  the  treatment  solution. 

The  results  are  given  in  Table  3;  they  show  that  the  water  resistance  of  filter  paper  increases  continuously 
with  increase  of  the  treatment  time  in  2.5-10%  solutions  of  methyltriacetoxysilane,  reaching  a  maximum 
value  of  62-69  cm. 

Solutions  containing  less  than  l%of  methyltriacetoxysilane  are  not  effective  in  the  treatment  of  filter 

paper. 

The  optimum  practical  treatment  conditions  are  the  use  of  2.5-5%  solutions  and  exposure  of  the  paper 
to  these  solutions  for  at  least  10  minutes.  It  is  interesting  to  note  that  in  the  case  of  wrapping  paper.weaker 
solutions  of  methyltriacetoxysilane  are  effective,  and  even  0.01%  solutions  increase  water  resistance  considerably. 
Therefore  in  the  case  of  wrapping  paper, 0.5-1% solutions  of  A-1  with  the  same  exposure  time  can  be  recom¬ 
mended  for  practical  purposes. 

Table  3  also  contains  analogous  data  for  ethyltriacetoxysilane  (A -8).  These  results  show  that  ethyl - 
triacetoxysilane  is  absorbed  more  slowly  by  paper  fibers,  and  the  water  resistance  of  the  paper  after  treatment 
"Communication  V  in  tlie  series  on  waterproofing  of  materials  by  organosilicon  compounds. 
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is  therefore  somewhat  lower.  The  use  of  A -8  solutions  below  concentration  for  waterproofing  is  Ineffective, 
and  the  exposure  time  in  solution  should  exceed  10  minutes. 

The  results  of  tests  on  filter  paper  waterproofed  by  3'’^  solutions  of  different  acetoxysilanes  in  toluene  are 
summarized  in  Table  1.  These  results  show  that  ethyltriacetoxysilane  (A-8)  is  less  effective,  while  phenyltri  - 
acetoxysilane  (A -13)  and  n-butyltriacetoxysilane  (A -30)  are  more  effective  than  methyltriacetoxysilane  (A-1). 
The  difunctional  dialkyl  diacetoxysilanes  hardly  raise  the  water  resistance  of  paper  at  all.  They  are  therefore 
unsuitable  for  waterproofing.  The  explanation  is  that  when  they  are  hydrolyzed  they  form  linear  polymer  chains 
or  cyclic  (R2SiO)ni  molecules,  incapable  of  combining  with  paper  or  with  each  other. 

The  good  waterproofing  properties  of  di-n-butoxydiacetoxysilane  (A-33)  and  n-butoxy-tert-butoxydiacet  - 
oxysilane(A-34)  can  probably  be  attributed  to  the  ability  of  one  n-butoxy  group  to  split  off  by  hydrolysis;  these 
substances  can  therefore  be  classed  with  trifunctional  monomers. 

After  treatment  by  methylalkoxydiacetoxysilanes  with  difficultly  saponifiable  alkoxy  groups,  such  as 
methyl -sec -octoxydiacetoxysilane  (A -5)  and  methylisoamoxydiacetoxysilane  (A -36),  the  paper  acquired  some 
degree  of  water  resistance,  but  its  water  absorption  remained  high. 

Paper  treated  by  S'y®  tetraacetoxysilane  solution  (A -21)  had  the  highest  water  resistance  (Table  1).  How¬ 
ever,  as  expected,  this  high  water  resistance  was  not  sufficiently  permanent.  After  exposure  to  water  for  only  1 
hour  the  water  resistance  of  the  paper  fell  sharply  (Table  4). 


TABLE  1 


Water  Resistance  and  Water  Absorption  of  Filter  Paper  Waterproofed  by  3*%  Solutions  of 
Various  Acetoxysilanes  in  Toluene  (heat  treatment  for  6  hours  at  105-110*) 


Code 

mark 

Formula 

Filter  paper 

Wrapping 

paper 

water  re¬ 
sistance 

(cm  H7O 

,  water 
absorption 

(%) 

water  re¬ 
sistance 
(cm  HjO 

_ 

Untreated  paper  . 

0 

06.4 

1.30 

A-  1 

(:ii3Si(Oco(:ii;,)n . 

34.6 

32.0 

A-  S 

Ull5Si(()CO(;iI:,);, . 

33..') 

.36.3 

.38.0 

A-1 3 

CgHsSiiOCOCIh), . 

!).').( ) 

23.3 

— 

a-:h) 

n-C4llnSi(UCO(:il3)3 . 

60.0 

2(t.,S 

— 

a-:h 

iso  -C4lIoSi{OCO(:H3)3 . 

41.0 

36.3 

— 

A -32 

tert  .-(:4llnOSi(OCOCn3)3 . 

86.0 

17.2 

— 

A-33 

(n.-C4llnO)2Si(OCOCn3)2 . 

!*0.0 

21.3 

— 

A-3i 

(tert  -( 14 1 1),0)( n.-f M Ili,0)Si(0( KK ’.1 1  :,i.2 

7.3.0 

86.0 

— 

A -33 

(tert  -C4ll30)2Si(0(;0CH3)2  .... 

.3.0 

112 

— 

A-  7 

CHgftert  .-(;4lln(>)Si(0(’,0Cll3)2  .  .  . 

8.0 

10.3.6 

— 

A-3(i 

Cll3(iso  .-(;-ll,iO)Si(OCOCIl3)2  .  .  . 

14.3 

100.8 

— 

A-  .') 

Cll3(sec  .-(;alli;0)Si(OCOCIl3)2  .  . 

40.3 

82.2 

— 

A-  'i 

CH3Si(()C(K:„jH33)(0(:0(:ii;,)2 .  .  .  . 

78.0 

— 

66.0 

A  2 

(Cii3)2Si(0(:ocH3)2 . 

7.0 

01.0 

48.0 

A-  0 

(C2nr,).,si(0(;ocii3)2 . 

0 

106.3 

36.0 

-\-2l 

si(0(:o(’.ii.,)4 . 

00.0 

— 

84.0 
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TABLE  2 


Water  Resistance  of  Paper  Waterproofed  by  5*^^ Solutions  of  the  Agents  in  Toluene 
(immersed  in  solution  for  1  hour,  heated  for  3  hours  at  105-110") 


Paper 

Water  resistance  (cm  H,0)  of  papers; 

filter 

wrapping 

kraft 

Untreated  . 

2 

15 

132 

Treated  with; 

A-l  1  . 

76 

73 

— 

A-1 2 . 

96 

108 

188 

A-16  . 

93 

100 

236 

A- 17  . 

85 

75 

246 

\-18  . 

87 

96 

161 

73 

79 

189 

A-20  . 

61 

77 

116 

1:11-1  Hr, SiMO) . 

73 

75 

95 

Methazane  H’-HaSifN  H)|,.r,)„  .  .  .  , 

76 

57 

144 

Vapor  CHySiClo . 

71 

61 

143 

TABLE  3 

Effects  of  Concentration  of  Waterproofing  Solution  and  Exposure  Time  on  Water 
Resistance  of  Paper  (Heat  treatment  for  3  hours  at  105-110") 


Treatment  by  solutions  of  CH3Si(OCOCHs)s  (A-1)  in  toluene 


I  second  . ',1  /,;{  r,  /,3  3  31  3  37  3  37  3  ,3 

10  minutes . 'ir>  iT  W  /i()  53  39  7  'i0  3  'dl  3  53  3  O't 

1  hour  . 55  M  57  52  01  ^i3  35  'i5  10  15  3  19  2  02 

3  hours . 57  -i?  02  57  59  M  13  52  5  5'i  3  'i7  2  15 

0  hours . 02  04  69  58  60  60  23  50  3  62  3  55  2  (i5 

Treatment  by  solutions  of  CjHgSifOCOCHjljfA-B) 

1  second . 43  (;/,  jo  /,|  ,s  4;)  1  33  1  51  1  50  1  17 

10  minutes .  47  71  43  57  26  39  12  36  2  35  2  41  2  57 

1  hour .  61  49  41  58  29  57  8  02  2  48  2  53  2  19 

Untreated  ^japer .  ..  2  15  —  —  —  —  —  —  —  —  —  —  —  — 


The  probable  explanation  is  that  in  waterproofing  by  tetraacetoxysilane.the  hydroxyl  groups  in  the  paper 
fibers  are  esterified  to  form  cellulose  orthosilicate  esters.  On  prolonged  contact  with  water  these  esters  are 
saponified,  and  as  a  result  the  OH  groups  are  regenerated,  Si02  is  formed,  and  waterproofness  is  lost.  However, 
the  possibility  of  acetylation  of  cellulose  by  tetraacetoxysilane  cannot  be  excluded.  It  should  be  noted  that 
paper  waterproofed  by  methyltriacetoxysilane  becomes  harder  to  the  touch.  In  order  to  soften  it,  experiments 
were  carried  out  in  which  it  was  impregnated  with  3%  solutions  of  mixtures  of  alkyl  triacetoxysilanes  with  dialkyl 
diacetoxysilanes  (Fig.  1  and  2).  Investigation  of  the  effect  of  the  proportions  of  the  components  in  these  mixtures 
showed  that  materials  treated  with  solutions  of  mixtures  consisting  of  80^5^  alkyl  triacetoxysilane  and  20*70 
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Temperature  or  for  6  Hours  to  Boiling  Water 
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dialkyl  diacetoxysilane  have  almost  the  same  water  absorption 
as  materials  treated  with  alkyl  triacetoxysilanes  only.  The  hard¬ 
ness  of  the  treated  materials  decreased  considerably  as  a  result. 

The  water  absorption  and  water  resistance  decrease  ap¬ 
preciably  with  increase  of  the  relative  proportion  of  dialkyl  di¬ 
acetoxysilane  in  the  mixture.  Therefore  mixtures  consisting  of 
20%  methylalkoxy  diacetoxysilanes  or  dialkoxy  diacetoxysilanes 
with  80%  methyltriacetoxysilane  were  used  for  the  treatment. 

The  results  (Table  5)  showed  that  with  the  use  of  such  mixtures 
the  waterproofness  and  quality  of  the  treated  material  are  im¬ 
proved. 

Much  better  results  than  those  obtained  in  waterproofing 
by  alkyl  triacetoxysilanes  were  obtained  in  waterproofing  of 
paper  by  mixtures  of  dialkyl  diacetoxysilanes  with  tetraacetoxy- 
silane,  in  which  polymers  of  the  following  types  are  probably 
formed: 

-o-Siiu-|o-Si{()(:()(:ii;j),-o-Sin.,|„-()-Si(or,or,n3).,— 

or 

— (»— Si 

'ococn^)2— |o— Si  iv.-o— si{oco( ;  I  o— Si  )-si  n,-. 

The  paper  was  treated  either  by  mixtures  of  tetraacetoxy- 
silane  with  dimethyl-  and  diethylacetoxysilane  in  1  :  1.2  molar 
ratio  (agents  A -16  and  A -11),  or  by  polydialkyl  diacetoxy- 
siloxanes  of  the  type  indicated  above,  made  by  joint  pyrolysis 
of  dialkyl  diacetoxysilanes  and  tetraacetoxysilane  (agents  A -17, 
A -18,  A -19,  A -20),  and  also  by  A -12,  which  is  the  reaction 
product  of  a  mixture  of  silicon  tetrachloride  and  trimethyl - 
chlorosilane  with  acetic  anhydride. 

The  results  are  given  in  Table  2. 

The  best  results  with  all  types  of  paper  are  given  by  5% 
solutions  of  A -12  and  A -16. 


TABLE  5 

Effect  of  the  Relative  Proportions  of  Components  in  Mixtures  on  Water 
Absorption  and  Water  Resistance  of  Paper 


Composition  of  mixture  (% 

Water  resistance 
(cm  HjO) 

Water  absorption 

78 

A-1,  22 

A-2  . 

64.0 

27.9 

77 

A-8.  23 

A-9  . 

33.5 

.55.1 

80 

A-1.  20 

A-9  . 

68.0 

26.1 

78 

A-1,  22 

A-33 . 

67.0 

29.4 

80 

A-l,  20 

A-3/1 . 

53.0 

29.8 

8o.ri 

A-l,  19.5 

A-36 . 

69.0 

26.1 

77 

A-1,  23 

A-5  . 

68.0 

21.5 

Fig.  1.  Effect  of  the  relative  proportions  of 
dialkyl  diacetoxysilane  and  alkyl  triacetoxy- 
silane  in  solution  on  the  water  resistance  of 
paper:  A)  water  resistance  (MM),  B)  contents 
of  RSUOCOCHs),  (%).• 


A 


Fig.  2.  Effect  of  the  relative  proportions  of 
dialkyldiacetoxysilane  and  alkyl  triacetoxy- 
silane  in  solution  on  water  absorption  of 
paper:  A)  water  absorption  (%),  B)  contents 
of  RSifOCOGHjls  (%).* 


R  :  Continuous  line  represents  CH3,  dash  line  represents  C2H5. 
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Waterproofing  by  A -12  and  A -16  increases  the  water  resistance  of  filter  paper  from  2  to  100-110  cm, or 
more  than  50-fold:  of  wrapping  paper,  from  15  to  108-119  cm,  or  more  than  7-fold  of  wrapping  paper,  from 
15  to  108-119  cm,  or  more  than  7-fold;  and  of  kraft  paper,  from  132  to  190-220  cm,  or  1.6-fold. 

These  results  are  considerably  better  than  those  given  by  earlier  known  methods  for  waterproofing  of  paper, 
such  as  the  use  of  methazane  or  alkyl  hydrosiloxane  solutions  (MN-1,  EN-1,  GKZh-94)  or  treatment  with 
methyltrichlorosilane  vapor  and  then  with  ammonia  (Table  2). 

Data  on  water  absorption  of  waterproofed  paper  after  exposure  to  water  for  1  hour  and  for  24  hours  are 
presented  in  Table  4. 

The  best  results  with  regard  both  to  water  absorption  and  water  resistance  are  given  by  A -12,  A -16,  and 

A-11. 

The  considerable  decrease  of  water  absorption  in  paper  treated  with  5^^  tetraacetoxysilane  solution  (A -21) 
should  also  be  noted.  This  effect  is  probably  caused  by  acetylation  of  the  OH  groups  in  cellulose  and  by  clogg¬ 
ing  of  its  pores  by  the  Si02  formed  by  hydrolysis  of  A -21, 

Tests  of  the  mechanical  properties  of  paper  waterproofed  by  A-11  and  A -16  show  that  the  properties  remain 
almost  unchanged,  and  are  even  improved  in  some  cases  (Table  6). 

Evidently  the  acetic  acid  and  acetic  anhydride  formed  during  hydrolysis  and  pyrolysis  of  acetoxysilanes 
do  not  have  adverse  effects  on  paper. 

In  all  our  experiments  on  the  waterproofing  of  paper  by  alkyl  acetoxysilanes  and  siloxanes  the  paper  was 
subjected  to  final  heat  treatment  for  3  hours  at  105-110*. 

Since  such  long  heat  treatment  of  paper  is  difficult  to  carry  out  under  production  conditions,  this  raised 
the  problem  of  the  greatest  shortening  of  this  treatment  time. 

However,  if  paper  treated  with  A-16  and  A -12  was  heated  for  less  than  2-3  hours,  the  water  resistance 
was  inadequate.  Increase  of  the  drying  temperature  to  150*  also  failed  to  give  the  desired  results. 

A  very  effective  catalyst  for  waterproofing  of  paper  (and  also  textile  fabrics)  proved  to  be  ethyl  ortho- 
titanate,  Ti(OC2H5)4.  It  was  found  that  addition  of  O.l'^fcof  this  catalyst  to  a  2.5%  waterproofing  solution  of 
A-16  makes  it  possible  to  reduce  the  heat  treatment  time  to  10-30  minutes  at  105-110*,  or  to  2  minutes  at 
150*.  Similar  results  were  obtained  with  A -12  and  other  acetoxysilanes. 

TABLE  6 

Mechanical  Properties  of  Paper 


Paper 

Flex 

test 

Breaking 
length  (m) 

Extensibility 

(%) 

Bursting 

test 

Filter: 

untreated . 

20.1 

2391 

1.3 

0.8 

A-11  . 

26.0 

2404 

0.5 

0.9 

A-16  . 

19.0 

2034 

0.45 

1.1 

Wrapping:  . 

untreated . 

147.r) 

3286 

1.3 

O.S 

A-li  . 

88.0 

2326 

1.4 

1.1 

A-16 . 

146..5 

2620 

0.8 

l.l 

Krafc 

untreated. . 

604.0 

4890 

2.1 

2.6 

A-11  . 

366..5 

4816 

•  2.7 

3.0 

A-16 . 

551. .5 

4.398 

1 

2.2 

1 

2.5 
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On  the  basis  of  these  results  the  use  of  2-b’lo  solutions  of  A -12  and  A -16  may  be  recommended  for  water 
proofing  of  paper. 


SUMMARY 

It  is  shown  that  the  water  absorption  of  paper  is  considerably  lowered  and  Its  water  resistance  increased  as 
the  result  of  treatment  with  organic  acetoxysilanes  and  siloxanes. 

The  optimum  treatment  conditions,  the  most  effective  waterproofing  agents,  and  a  catalyst  for  the  proc¬ 
ess  (ethyl  orthotitanate)  are  recommended. 
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DEHYDROGENATION  OF  HIGHER  PARAFFIN  HYDROCARBONS  OVER 
CARBON  CATALYSTS 

I.  B.  Rapoport,  B.  K.  Nefedov,  and  S.  G.  Grakhova 


Olefins  can  be  obtained  from  the  lower  paraffins  by  dehydrogenation,  either  without  catalysts  or  in  pres¬ 
ence  of  suitable  catalysts. 

In  the  case  of  hydrocarbons  with  five  or  more  carbon  atoms  in  the  molecule  the  dehydrogenation  reaction 
hardly  proceeds  at  all.  At  temperatures  between  400  and  600*  these  hydrocarbons  decompose  with  formation  of 
saturated  and  unsaturated  hydrocarbons  [1]. 

It  was  therefore  desired  to  study  certain  catalysts  and  to  find  process  conditions  such  that  the  dehydro¬ 
genation  of  hydrocarbons  with  five  or  more  carbon  atoms  in  the  molecule  could  be  intensified  during  the  de¬ 
composition. 

Reports  have  recently  appeared  in  the  literature  concerning  the  use  of  activated  carbon  as  a  reforming 
catalyst  for  kerosene— ligroine  fractions. 

The  most  detailed  communications  on  the  subject  are  those  by  Sanford  and  Friedman  [2,3]. 

Later,  Kel’tsev  et  al,  [4]  also  studied  the  behavior  of  activated  carbon  as  an  aromatization  catalyst  for 
high-boiling  gasoline  fractions  for  improving  their  antiknock  properties. 

According  to  Sanford  and  Friedman,  in  presence  of  activated  carbon  aromatization  is  accompanied  to  a 
small  extent  by  dehydrogenation  of  paraffins.  Dehydrogenation  accompanied  by  cyclization  proceeds  in  pres¬ 
ence  of  activated  carbon  under  atmospheric  pressure  at  530-630*.  Examination  of  the  work  of  Sanford  and 
Friedman  suggested  that  it  should  be  quite  possible  to  find  conditions  under  which  the  cracking  process  could  be 
simultaneously  directed  toward  dehydrogenation  of  paraffins  with  formation  of  unsaturated  hydrocarbons. 

As  the  result  of  our  investigations  it  was  shown  that  at  450-510“  the  cracking  of  paraffins  over  promoted 
activated  carbon  is  accompanied  to  a  considerable  extent  by  dehydrogenation.  Virtually  no  cyclization  takes 
place  under  these  conditions.  The  yield  of  liquid  catalyzate  was  82-95^^  in  individual  experiments.  The  gas 
yield  varied  from  3  to  \b‘^o  in  accordance  with  the  composition  of  the  catalyst  and  the  process  conditions.  The 
gas  contained  from  50  to  79%  hydrogen,  from  2  to  30%  unsaturated  hydrocarbons,  and  from  5  to  25%  hydro¬ 
carbons  of  the  methane  series.  The  liquid  reaction  products  contained  up  to  20-30%  of  unsaturated  compounds. 

The  catalyst  could  be  used  for  a  long  time  without  loss  of  activity.  As  carbon  is  deposited  on  the  cata¬ 
lyst  surface  the  activity  decreases,  but  the  catalyst  is  easily  regenerated  by  the  action  of  steam,  with  restoration 
of  its  original  activity. 


EXPERIMENTAL 

Raw  material.  The  raw  material  for  the  experiments  comprised  individual  fractions  from  synthine 
distillation,  and  paraffin  hydrocarbons  isolated  from  synthine.* 


‘Product  synthesized  from  CO  and  Hj  in  presence  of  Co-Th02”ivdgO  catalyst. 
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TABLE  1 


Characteristics  of  Raw  Fractions 


1 

Fraction 

No.l* 

Fraction 

No.3 

Fraction 

Details 

180-200^ 

220-  300' 

Paraffin- 

oil 

Engler  distillation 

Start  of  boiling 

CC) . 

ISO 

i7r) 

223 

3iM) 

^C’/o  1  { 

IS'i 

182 

23r).r. 

— 

5""/o 

IST.f) 

188 

2.51 

— 

7()o,  (boils  out  at 

190 

190 

273 

— 

193 

200 

29.') 

— 

h7«/o  1  1 

191) 

309 

297 

— 

End  of  boiling  (n  “C) 

300 

210 

300 

.38(  > 

Residue  ^)  ... 

l.'i 

1.5 

1.2 

— 

Losses  (7o)  .... 

0.0 

O.f) 

0.8 

— 

P4-<’  . 

0.7 'i  30 

0.7 '.27 

- 

— 

. 

1.i2(K» 

1.'.230 

1.'.'..32 

_ 

Iodine  number  .  .  . 

0.S 

3.9 

r.3J  . 

0.1 

1 

‘Fraction  previously  hydrogenated  over  Ni  catalyst. 
TABLE  2 


Characteristics  of  Activated  Carbons 


Carbon  type 

Activity  for 

l2(%) 

Bulk  density 
(g/  ml) 

Analysis  (%) 

A^ 

s" 

yg 

BAU  No.l 

79 

0.236 

2.8 

2.85 

0.15 

9.6 

BAU  No.2 

83 

0.198 

- 

- 

- 

- 

KAD*  . 

68.5 

0.521 

- 

- 

- 

- 

•KAD  activated  carbon  was  kindly  supplied  by  S.  B.  Vselyubskii,  to  whom 
the  authors  offer  their  thanks. 


The  details  of  the  individual  fractions,  given  in  Table  1,  show  that  they  contained  up  to  95-99%  saturated 
hydrocarbons.  These  fractions  contained  from  5  to  10%  of  hydrocarbons  of  iso  structure. 

Catalysts.  The  dehydrogenation  catalyst  for  paraffins  was  activated  carbon  in  which  a  salt  of  Na,  Li,  Rb, 

Cs,  or  other  metal  was  previously  deposited. 

Characteristics  of  the  activated  carbons  are  given  in  Table  2. 

Preparation  of  catalyst.  The  activated  carbon  was  sifted  to  remove  fines  and  dust.  The  residue  on  the 
sieve  (1-4  mm  fraction)  was  treated  with  hot  dilute  hydrochloric  acid  (1:10)  for  1-2  hours.  The  carbon  was 
then  washed  with  hot  distilled  water  to  a  neutral  reaction.  The  washed  activated  carbon  was  heated  in  a  cur¬ 
rent  of  nitrogen  at  500-510"  to  remove  traces  of  adsorbed  hydrochloric  acid.  The  carbon  was  then  promoted 
with  the  appropriate  salts  by  dropwise  addition  of  an  aqueous  solution  of  the  salt  with  continuous  stirring.  The 
carbon  was  kept  for  some  time  under  vacuum,  and  the  pressure  was  then  raised  to  atmospheric;  the  impregnated 
carbon  was  transferred  to  a  porcelain  basin  and  dried  in  a  drying  oven  at  102-105’  for  8  hours.  The  dried  catalyst 
was  cooled  in  a  desiccator  and  kept  in  a  jar  with  a  ground-glass  stopper.  Before  each  experiment  the  catalyst 
was  slowly  heated  to  500-510’  in  a  current  of  nitrogen. 
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TABLE  3 


Comparative  Results  of  Experiments  without  and  with  the  Use  of  Activated  Carbon 


Experimental  data  1 

i 

Without 

catalyst 

RAU  No.l, 
not  promoted 

BAU  No.  1  + 

+  l7oNaOH 

Obtained  (wt.7o); 

1 

liquid  hydrocarbons . 

9l.2i 

88. 1 9 

^4  t  : . 

1.5.'. 

0.02 

0.'(7 

coke . 

1  3.L’i » 

8.1 'i  ! 

O.iO 

gas  +  losses . 

1 

10.94 

KX  ».<)(» 

1 1 H  l.l  M ) 

I1MMX) 

Distillation  of  liquid  hydrocarbons 
Cwt.%)  • : 

Fraction  up  to  180*C 

180-200*  Fraction 

.'i.d 

19.2 

23.5 

D.UI 

78,8 

7/1 

losses 

2.(1 

1.0 

2.7 

Formed  (in  moles/  mole  of  raw  feed); 

. 

a(»7l.5 

0.110 

0.2.30 

Ho  . V. 

n.(X)8!» 

0.1  |/i 

0.455 

(U»995 

0.315 

0.33(i 

Ratio  . 

Iodine  number: 

0,089.5 

O..302 

1.300 

of  liquid  reaction  products . 

1 8  3.5 

•>5  9 

T\  "> 

of  fraction  up  to  l&O* . 

7't.5 

80.3 

of  180-200*  fraction . 

5.98 

I3.i7 

10.7 

n*’D  of  liquid  reaction  products  .  . 

1.'i235 

— 

1.i240 

•Distillation  data  for  the  catalyzate  are  given  here  and  in  the  other  tables. 


Apparatus.  The  dehydrogenation  experiments  were  conducted  in  the  usual  apparatus  for  carrying  out 
reactions  at  high  temperatures  and  atmospheric  pressure.  The  reactor  was  a  quartz  tube  22  mm  in  internal 
diameter.  The  volume  of  the  catalyst  in  the  tube  was  always  30  ml.  The  tube  was  packed  with  broken  glass 
as  far  as  the  catalyst  layer.  The  tube  was  placed  in  an  electric  furnace  fitted  with  a  thermoregulator.  The 
temperature  inside  the  furnace  was  measured  by  means  of  a  thermocouple.  Raw  material,  nitrogen,  hydrogen, 
and  steam  could  be  fed  into  the  reaction  tube.  The  raw  material  was  supplied  from  a  special  graduated  buret; 
steam  was  superheated  before  entry  into  the  furnace.  The  liquid  reaction  products  were  collected  in  a  graduated 
receiver  cooled  to  0*.  Gasoline  was  collected  partly  in  the  ice-cooled  receiver  and  partly  together  with  the 
Cs  +  C4  fraction  in  a  carbon  adsorber  cooled  to  0".  The  uncondensed  gases  were  collected  in  a  gas  holder  and 
analyzed  in  the  VTI  apparatus. 

The  density,  refractive  index,  iodine  number,  and  fractional  composition  were  determined  for  the  liquid 
reaction  products  and  for  the  individual  fractions  obtained  by  distillation  of  the. catalyzate  from  a  Favorskii 
flask. 


DISCUSSION  OF  RESULTS 

Comparison  of  the  results  of  experiments  without  catalyst  and  with  unpromoted  and  promoted  activated 
carbon,  given  in  Table  3,  shows  that, in  experiments  without  catalyst, dehydrogenation  and  cracking  reactions 
proceed  to  only  a  slight  extent  at  500-510*.  The  extent  of  dehydrogenation  and  cracking  increases  considerably 
in  presence  of  activated  carbon. 

Here  the  dehydrogenation  reaction  is  accompanied  by  cracking,  as  shown  by  the  increased  yield  of  low- 
boiling  fractions  (boiling  below  180")  and  the  considerable  contents  of  unsaturated  and  saturated  hydrocarbons. 
In  presence  of  promoted  activated  carbon  (with  NaOH),the  dehydrogenation  reaction  is  more  pronounced.  The 

-  ratio  increases  to  1.35  as  compared  with  0.362  with  the  use  of  unpromoted  carbon.  The  fact  that 

^0^211+  2 
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the  refractive  index  remains  almost  unchanged  indicates  that  no  cyclization  takes  place.  Absence  of  aromatic 
compounds  in  the  reaction  products  was  also  proved  by  analysis  of  fractions  boiling  up  to  180*. 

The  results  of  experiments  on  the  effects  of  different  sodium  salts  on  activated  carbon  are  summarized  in 
Table  4. 

It  follows  from  these  data  that  the  best  promoter  is  caustic  soda.  The  results  of  experiments  with  activated 
carbon  promoted  by  NaOH  as  catalyst  show  that,  in  comparison  with  other  catalysts,  the  dehydrogenation  reac- 

tion  proceeds  further  (as  shown  by  the  highest  hydrogen  content  in  the  gas,  the  highest  — — -  ratio,  a  lower 

Cn^sn+a 

yield  of  fractions  boiling  up  to  180*,  and  high  contents  of  unsaturated  hydrocarbons  in  individual  fractions). 
TABLE  4 

Results  of  Test  on  Activated  Carbon  Promoted  by  Sodium  Salts  .Temperature  500-510*, 
atmospheric  pressure,  space  velocity  2  vol./  vol.  catalyst-  hour.  Fraction  No.  2, 
duration  of  experiment  2  hours 


Experimental  data 

BAU  JVj  1 
+  0.2% 
NaOH 

BAU  .Ntl 

+  0.2»/o 
Na,CO, 

BAU  jv!.  1 

•!0.2''/o 

Nan 

BAU  .w.  1 
4-0.2''/o 

Na.Pn, 

Obtained  (wt.%): 

■■ 

■1 

liquid  hydrocarbons . 

.S(i.:,0 

SO.OO 

^'.1  ^’4  . 

mm 

1.52 

.5.70 

coke  +  gas  +  losses . 

1  1  .OS 

5.:io 

lOO.lH) 

KIO.IKI 

KMI.OO 

100.00 

Formed  .(in  moles/ mole  of  raw 
feed  ): 

0.17;, 

0.1:12 

0.2:11 

0.0211 

11.,  . 

0.2i(i 

0.1 5(i 

0.147 

O.OOSO 

0.2  i  2 

0.:i72 

o.4:i:i 

0.17.30 

,  Mo 

Ratio  — 

1.01.", 

0.420 

o.:ri(i 

0..30.3 

^  i/i  M  o//^o 

Analysis  of  reaction  products 
Entire  liquid  product 

P4-" . 

0.7  i  10 

0.7415 

— 

— 

1.42:11 

1.4210 

1.4220 

. ^  • 

unsaturated  compounds  (%)  .  . 

l.',.0 

IS.I 

1 7.25 

0.S5 

Yield  of  fraction  up  to  180" 

(%  on  catalyzate  by  weight)  . 

2r,.:i 

:i4.1 

:i5.o 

27.0 

n,-" . . 

I.4I5I 

1.4  12s 

1.4 10s 

unsaturated  compounds  (70)-  . 
Yield  of  180-200"  fraction  (7oon 

:i2.o 

:i:i.s 

2 1 .5 

12.2 

catalyzate  by  weight) . 

(iS.S 

04.4 

50.0 

00.2 

?4-" . 

0.74:1:, 

0.747.S 

0.7404 

— 

«/-" . V  •  •  • 

1.4  254 

1.42SO 

1.4200 

— 

unsaturated  compounds  (70).  .  . 

11.05 

12.2 

1  1.2 

S.05 

The  next  promoter  of  interest  is  Na2C03. 

Additions  of  NaCl  and  NajPO^  have  much  lower  dehydrogenation  effects. 

It  was  found  in  special  experiments  that  the  amount  of  promoter  to  be  added  to  activated  carbon  depends 
on  the  chemical  composition  of  the  compound  used.  For  example,  5‘)l>  of  NagPO^  is  required,  whereas  in  the 
case  of  NaOH  about  1-2%  is  sufficient,  although  it  was  found  that  increase  of  the  NaOH  content  to  5%  increases 
the  dehydrogenation  activity  of  the  catalyst  somewhat.  In  the  subsequent  investigations  we  used  additions  of  1% 
NaOH  to  the  activated  carbon. 

Tests  of  catalysts  made  by  impregnation  of  activated  carbon  with  salts  ofLi,Rb,Cs, Mg, Cr,Al,Th, showed  that 
only  Li  salts  have  a  positive  influence  on  the  dehydrogenation  reaction. 
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All  the  experiments  described  above  were  carried  out  with  a  catalyst  made  by  impregnation  of  BAU  No.l 
activated  carbon  with  various  salts.  It  was  necessary  to  test  other  types  of  activated  carbon. 

The  results  of  tests  on  catalysts  made  with  different  carbons  are  given  in  Table  5.  It  follows  from  Table  5 
that  the  best  support  for  a  dehydrogenation  catalyst  for  the  180-200*  fraction  is  KAD  activated  carbon. 

For  comparison,  this  table  contains  data  on  unpromoted  and  promoted  active  carbons. 

Effect  of  fractional  composition  of  the  raw  material.  Experiments  on  dehydrogenation  of  paraffins  of 
different  fractional  composition  were  performed  with  the  catalysts  BAU  +  1%  NaOH  and  KAD  +  1%  NaOH. 


A  B  C 


Fig.  1.  Effects  of  different  amounts  of  NaOH  as 
promoter:  A)  iodine  number,  B)  yield  of  frac¬ 
tion  up  to  180*  (wt.%),  C)  H2/  CnHai  +  2  ratio, 
D)  NaOH  content  (‘J'o);  1)  iodine  numbers  of 
reaction  products,  2)  the  same,  of  fraction  up 
to  180*,  3)  the  same, of  180-200*  fraction, 4 )yield 
of  fraction  up  to  180* ,5)  H2/CnH2n  +i  ratio. 


A  B  C 


Fig. 2.  Effects  of  different  amounts  of  NajPO^ 
as  promoter :  A)  iodine  number,  B)  yield  of 
fraction  up  to  180*  (wt.%),  C)  H2/Cn  H2n+2  * 
ratio,  D)  Na3PO^  content  (“yoy,  designations  of 
curves  as  in  Fig.l. 


The  data  in  Table  6  show  that  with  increase  of  the  boiling  point  of  the  raw  material  there  is  considerable 
cracking  in  addition  to  dehydrogenation.  The  relative  proportion  of  dehydrogenation  in  the  cracking  of  paraf¬ 
fin  hydrocarbons  at  500-510*  varies  in  accordance  with  the  catalyst  and  the  fractional  composition  of  the  raw 
material.  As  the  fractional  composition  of  the  raw  material  becomes  heavier,  the  yield  of  liquid  hydrocarbons 

decreases,  more  coke  and  gas  is  formed,  and  the  contents  of  unsaturated  hydrocarbons  and  the  —  ratio 

CnH2n+2 

increase  .  The  temperature  of  the  process  must  be  lowered  to  suppress  the  cracking  reaction. 

Effect  of  temperature.  At  450*  in  presence  of  KAD  +  l°]o  NaOH  catalyst, the  cracking  reaction  proceeds 
to  a  much  lesser  extent  than  the  dehydrogenation  reaction  (Fig.  3).  At  470-480*  the  relative  proportion  of  the 
cracking  reaction  increases,  as  indicated  by  the  increase  of  gas  yield,  change  of  the  gas  composition,  and  the 
lighter  fractional  composition  of  the  liquid  reaction  products.  At  500-510*  the  cracking  reaction  predominates. 
Therefore  in  order  to  direct  the  process  so  that  dehydrogenation  of  paraffins  predominates, the  temperature  must 
be  lowered  to  470-480* 

Effect  of  space  velocity.  Increase  of  space  velocity  results  in  a  sharp  decrease  of  the  relative  proportion 
of  the  cracking  reaction  (Fig.  4).  At  a  space  velocity  of  3  vol./ vol.catalys^hour  with  KAD  +  l%NaOH  catalyst 

the  dehydrogenation  reaction  predominates.  The  —  ■  ^ -  ratio  is  6.75,  and  the  hydrogen  content  of  the  gas 

CnH2n+a 

reaches  77%.  On  further  increase  of  space  velocity  both  the  cracking  and  the  dehydrogenation  reactions  die  down. 
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TABLE  5 

Comparative  Effects  of  Different  Catalysts 


Experimental  data 

BAU  No.l, 
unpromoted 

BAUM  1 +  !'•/„ 
NaOH 

KAD,  un¬ 
promoted 

KADfio/. 

Nai>H 

Obtained  (wt.%); 

liquid  hydrocarbons . 

91.24 

88.19 

S7.(H) 

8.3.60 

^3  +  ^4  4*  > . 

0.62 

0.47 

2.00 

2.64 

coke 

gas  +  losses . 

j  8.14 

0.40 

10.94 

}  11.00 

1.25 

1.3.51 

Formed  (in  moles/ mole  of  raw 
jj  leea): 

m  •  9  ••  9  •  • 

KHi.OO 

100.00 

100.00 

100.00 

0.1  to 

0.230 

0.1.57 

0.3(M) 

H2  . 

0.114 

0.455 

0.464 

1.160 

. . . 

1*2 

Ratio  ...  „ 

v^n«»2"+2 

0.315 

0.336 

0.397 

0.342 

0.362 

1.36 

1.17 

3.40 

Analysis  of  reaction  products 

Entire  liquid  product : 

P420  . 

— 

— 

0.7363 

0.7456 

n,20 . 

— 

1.4246 

1.4241 

1.4286 

10.85 

19.2 

13.6 

23.5 

18.3 

.38.2 

20.9 

27.7 

n,20 . 

— 

— 

1.4146 

1.4212 

unsaturated  compounds: 

29.8 

32.2 

32.6 

33.3 

Yield  of  180-200"  fractionfwt.  o/j 

76.7 

74.8 

57.1 

68.2 

P4-‘“ . . 

— 

— 

0.7532 

0.7542 

nj,20 

unsaturated  compounds  (*!^).  .  . 

— 

— 

1.4314 

1.4322 

8.9() 

11.1 

13.09 

15.7 

A  B  C 


Fig.  3.  Effect  of  temperature:  catalyst  KAD  +  NaOH: 

A  )iodine  number  ,B)yield  of  reaction  products  (wt.'7o),C) 
H2/Cn  H2n+2  ratio, D)temperature(°C);l)iodine  number 
of  fraction  up  to  180'’,2)the  same, of  180 -300" fraction, 
3)the  same, of  reaction  ptoducts,4)thesame,of  300*fract., 
5)yield  of  180-300" fraction,6)the  same,up  to  180", 7) 
yield  of  gas,  8)  H2/Cn  H2n+2  ratio. 


At  a  space  velocity  of  10  vol./ vol.catalyst- hour  both 
reactions  stop  completely;  the  yield  of  gas  at  this  space 
velocity  is  only  1.1%,  the  yield  of  fraction  boiling  up  to 

H 

300"  is  13.85%,  and  the  - * -  ratio  is  0.123. 

CnH2n+2 

The  character  of  the  process  was  similar  with  BAU  1 
catalyst  with  NajPO^. 

Time  of  operation  and  regeneration  of  the  catal¬ 
yst.  The  KAD  +  1%  NaOH  catalyst  was  in  service  for 
24  hours.  The  raw  material  for  the  experiment  was 
paraffin.  After  10-12  hours  of  continuous  operation  the 
catalyst  activity  fell  owing  to  deposition  of  coke  on  its 
surface.  The  catalyst  was  regenerated  by  the  action  of 
superheated  steam.  The  duration  of  regeneration  was 
about  10  hours.  The  activity  of  the  catalyst  was  restored 
after  regeneration.  The  regeneration  gas  had  the  follow¬ 
ing  composition  (vol.%):  C02~29.45,  CO“3.07,  H2“67.48. 

Experiments  with  individual  hydrocarbons.  A 
series  of  experiments  was  conducted  with  individual 
hydrocarbons;  n -heptane  and  cetane.  The  n -heptane 
used  had  b.p.  98-90°,  n^^D  0.6841,  the  cetane  had  b.p. 
287°  n^^D  1.4352  ,  0.7753.  The  literature  data  for 

these  hydrocarbons  are; 
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TABLE  6 

Dehydrogenation  of  Paraffin  Hydrocarbons  of  Different  Fractional  Compositions 
over  KAD  +  l%NaOH  Catalyst.  Temperature  500-510", space  velocity  2  vol./vol. 
catalyst ‘hour, atmospheric  pressure,  duration  of  experiment  2  hours 


Experimental  data 

Raw  material 

JV»2 

.Nt3 

JNft  4 

Obtained  (wt.%> 

liquid  hydrocarbons . 

83.00 

81.10 

80.07 

C3  t  1  > . 

2.0 '1 

2.40 

1..50 

coke . 

1.23 

0.03 

1.14 

gas  -f  losses . 

13.31 

15.70 

10.00 

lOO.(K) 

KKl.OO 

lOO.(K) 

Formed  (in  mples/mole  of  raw 

? . 

0..300 

0.440 

0.704 

n2 . 

1.100 

0.008 

1.34 

C„ll2«4.2 . 

0.3 

0.443 

0.00 

1  1  0  j 

Ratio  .  .  .  — 

''nll2»-h2  ^ 

Distillation  of  catalyzate  (wt.*?®) 
Fractions: 

3.'i 

2.18 

2.03 

to  is()° 

27.7 

24.3 

20.8 

180—220° . 

— 

10.2 

_ 

1.S0_;U)0° . . 

— 

_ 

35.() 

Unsaturated  compounds  (wt.%),  . 

Liquid  hydrocarbons . 

21.0 

42.5 

!  44.5 

Fractions  : 

to  180° 

33.0 

55.2 

30.0 

180—220° . 

— 

30.4 

_ 

180—300° . 

— 

— 

40.2 

Liquid  hydrocarbons . 

1.4280 

1.4300 

1.4440 

Fractions  to  is0° . 

1.4212 

1.4190 

1.4219 

ABC  D 


Fig.4.Effect  of  space  velocity:  catalyst  KAD  +  1‘^^NaOH, temperature  470-480*  A  )iodine  number, B) 
content(vol.‘7o),C)yield  of  reaction  products(wt.‘7o),D)H2/CiiH2n+2  ratio,E)space  velocityfvol./ 
vol.catalyst*hour):l)iodine  number  of  fraction  uptol80*,2)the  same,of  180-300"  fraction, 3)  the  same# 
of  fraction >  300", 4)  the  same,of  reaction  products,  5)  H2  content ,6)  yield  of  fraction  up  to  180", 

7)  yield  of  gas,  8)  H2/ CnH2n+2  ratio. 
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n-Heptane 


n-Cetane 


Boiling  point  ('C) 
n^^D . 


98.43 

1.3877 

0.6837 


287.1 

1.4345 

0.7751 


The  experiments  were  performed  with  KAD  +  1  “yoNaOH  catalyst  at  a  space  velocity  of  3  vol./ vol. catalyst- 
•  hour.  Under  these  conditions,!! -heptane  only  undergoes  partial  dehydrogenation  without  any  appreciable  cracking. 
The  uncondensed  gases  contain  96%  hydrogen. 

When  the  length  of  the  carbon  chain  in  the  molecule  is  increased  (in  experiments  with  cetane),  the  dehydro¬ 
genation  reaction  is  accompanied  by  cracking.  The  hydrogen  content  of  the  gas  falls  to  83.5% (as  compared  with 
96%  in  the  dehydrogenation  of  n-heptane),  and  the  content  of  saturated  hydrocarbons  rises  to  10.8%;  the  gas 
contains  unsaturated  hydrocarbons  in  addition  to  hydrocarbons  of  the  methane  series. 

The  fact  that  the  refractive  indices  of  the  catalyzates  remain  almost  unchanged  confirms  that  dehydro - 
genative  cyclization  does  not  occur. 

Investigations  by  means  of  Raman  spectroscopy  showed  that  the  resultant  unsaturated  hydrocarbons  have 
the  double  bond  in  the  oc -position. 


SUMMARY 

1.  It  isiiown  that  it  is  possible  in  principle  to  effect  dehydrogenation  of  paraffin  hydrocarbons,  containing 
from  8  to  20  carbon  atoms  in  the  molecules,  over  catalysts  based  on  activated  carbons. 

2.  Of  the  two  activated  carbons,  BAU  and  KAD,  KAD  carbon  is  the  better. 

3.  The  dehydrogenation  is  intensified  considerably  if  the  activated  carbon  is  promoted  by  Na  or  Li  salts. 
The  optimum  promoter  concentration  is  in  the  range  of  1-2%. 

4.  Different  paraffinic  fractions  are  dehydrogenated  at  450-510*,  under  atmospheric  pressure,  and  at  a 
space  velocity  of  2-4  vol./ vol.catalyst.hour. 

5.  Dehydrogenation  of  paraffin  hydrocarbons  with  10-20  or  more  carbon  atoms  in  the  molecule  is  accom¬ 
panied  by  cracking.  The  resultant  low-boiling  fractions,  which  boil  in  the  ranges  of  40-180*  and  180-300*,  are 
rich  in  unsaturated  compounds  and  may  be  used  as  raw  materials  for  production  of  high-quality  lubricating  oils 
and  fine  deteigents  respectively. 

6.  The  unsaturated  hydrocarbons  formed  as  the  result  of  dehydrogenation  have  the  double  bond  in  the 
a -position. 
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DEHYDROGENATION  OF  PARAFFIN  HYDROCARBONS  OVER  CHROMIUM 


OXIDE-ALUMINA  CATALYSTS 

I.  B.  Rapoport  and  B.  K.  Nefedov 


It  was  shown  in  the  preceding  communication  [1]  that  activated  carbons  impregnated  with  alkali  cata¬ 
lyze  the  dehydrogenation  of  higher  paraffins. 

It  was  of  interest  also  to  test  certain  chromium  oxide— alumina  catalysts  for  this  purpose. 

Previously  Z.  I.  Vozzhinskaya  had  carried  out  experiments  on  the  dehydrogenation  of  paraffins  over  cata- 
lystsof  this  type.  Later  Shuikin  and  his  associates  [2]  used  chromium  oxide —alumina  catalysts  for  dehydro¬ 
genation  of  hydrocarbons  containing  five  carbon  atoms  in  the  molecule. 

According  to  Shuikin  et  al.,  n-pentane  undergoes  31%  conversion  into  pentene  in  presence  of  a  catalyst  of 
the  composition  AljOs  :  Cr^Os  :  K2O  =  90.7  :  5.6  ;  3.7  (in  molar  %)  at  527°  and  space  velocity  0.5  vol./vol. 
.catalyst-hour. 

A  later  paper  by  Konnecke  and  Gawalek  [3]  also  deals  with  dehydrogenation  of  paraffins  over  these 
catalysts. 

Chromium  oxide— alumina  catalysts  are  used  industrially  for  dehydrogenation  of  n -butane  to  butylene. 
Our  results,  presented  below,  show  that  under  suitable  conditions  the  dehydrogenation  of  higher  paraffins  over 
chromium  oxide  —alumina  catalysts  is  very  selective,  with  almost  total  absence  of  dehydrocyclization. 

The  catalysts  are  stable  in  operation  and  are  easily  regenerated. 

According  to  Konnecke,  the  dehydrogenation  process  takes  place  at  450-530°,  under  atmospheric  pressure, 
and  at  a  space  velocity  of  0.5-2  vol./  vol.catalyst.hour.  Our  results  are  in  good  agreement  with  these  data,  and 
confirms  that  chromium  oxide—  alumina  catalysts  can  be  used  for  dehydrogenation  of  paraffins  containing  from 
8  to  20  carbon  atoms  in  the  molecules. 


EXPERIMENTAL 

Raw  material.  Individual  180-200°  and  300-380°  synthine  fractions  were  used.  The  synthine  was  produced 
over  Co-Th02“MgO  catalyst  at  10  atmos  pressure. 

The  fractions  contained  98-99%  of  paraffin  hydrocarbons.  The  first  fraction  contained  0.8%  olefins,  and 
the  300-380°  fraction  was  free  from  olefins. 

Apparatus.  Experiments  on  dehydrogenation  of  paraffins  over  chromium  oxide-alumina  catalysts  were 
carried  out  in  the  type  of  apparatus  commonly  used  for  reactions  at  high  temperatures  under  atmospheric  pressure. 
The  reactor  was  a  quartz  tube  of  22  mm  internal  diameter.  The  tube  was  heated  in  an  electric  furnace.  The 
internal  temperature  was  measured  by  means  of  a  thermocouple.  The  raw  material  was  fed  from  a  special 
graduated  buret.  The  reaction  products  were  cooled  to  0*  and  collected  in  receivers.  The  Cs  +  C4  fraction  was 
collected  in  a  carbon  adsorber. 

Catalysts.  Of  the  available  range  of  chromium  oxide— alumina  catalysts,  three  were  tested,  with  the  follow¬ 
ing  Cr203  contents  (%);  Sample  No.l,  8;  Sample  No.2,  16;  Sample  No.3,  20. 
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Crj08  was  deposited  on  alumina  in  Samples  No.l  and  3,  and  on  clay  in  Sample  No.2. 


DISCUSSION  OF  RESULTS 

The  first  series  of  experiments  on  dehydrogenation  of  paraffins  was  conducted  with  a  catalyst  containing 

16%  CrjOj. 

The  results  of  experiments  (Table  1)  on  dehydrogenation  of  the  180-210“  paraffin  fraction  show  that 
dehydrogenation  is  the  main  reaction.  The  hydrogen  content  of  the  gas  reaches  65%.  The  liquid  reaction 
products  contain  about  12%  of  unsaturated  hydrocarbons,  with  a  relatively  low  yield  (10%)  of  fractions  boiling 
up  to  180*. 

When  the  number  of  carbon  atoms  in  the  original  paraffin  chain  is  increased,  as  in  the  use  of  the  300-380* 
fraction,  the  dehydrogenation  reaction  is  accompanied  to  a  considerable  extent  by  cracking. 


TABLE  1 


TABLE  2 


Dehydrogenation  of  Paraffin  Hydrocarbons 
over  a  Chromium  Oxide-Alumina  Catalyst 
(Sample  No.2).  Temperature  500-510*, at¬ 
mospheric  pressure  .space  velocity  2  vol./ 
vol.catalys^  hour, duration  of  experiment 
2  hours 


Experimental  data 


180-?10° 

fraction 


^-380“ 

fraction 


Obtained  (wt,%): 
liquid  hydrocarbons 


(<4  +  > 

colte . . 

gas  +  losses  . 


Composition  of  gas 
(vol%) : 

CO2  ••••••••• 

. 

CO . 

. 

CiiH2»-|-2  .••••• 
Formed  (in  moles/ 
mole  of  raw  feed); 

CnIL>n  ........ 

H2 . 

Ull  211+2 . 

Ha 

Ratio  •  *  •  H 

Contents  of  liquid 
products  (wt.70)  ,  .  , 


fraction  up  to  180* 
180-300*  fraction  , 
Unsaturated  com¬ 
pounds  (%) 
in  liquid  hydro¬ 
carbons  . 

in  fraction  up  to 
in  180-300*  frac¬ 
tion  . 


92.50 

0.50 

0.44 

6.56 


i00.00 


0.10 

17.90 

0.62 

65.25 

16.13 


18(f 


n,20- 

of  liquid  hydro¬ 
carbons  . 

of  fraction  up  to  180' 
of  180-300*  fraction! 


0.173 

0.632 

0.155 

4.07 


10.7 


12.4 

47.5 


1.4208 


86.00 

2.80 

0.93 

10.27 


1 00.00 


O.6O2 

1.27 

0.475 

2.68 


15.8 

25.0 


38.7 

87.0 

51.0 


1.4238 

1.4497 


Tests  of  Chromium  Oxide— Alumina  Catalysts 
with  Different  Chromium  Contents.Temp-Jrature 
500-510*,  atmospheric  pressure,  space  velocity 
2  vol./ vol.catalyst'hour,  300-380*  fraction  used 
as  raw  feed,  duration  of  experiment  2  hours 


Catalyst 

Experimental  data 

Sample 

Sample 

No.l 

No.2* 

Obtained  (wt.  %): 

liquid  hydrocarbons 

81.50 

72.50 

^'3  +  C4  +  >  .  .  .  . 

coke  . . 

1.42 

2.01 

2.88 
}  24,62 

gas  +  losses . 

15.07 

100.00 

100.00 

Formed  (in  rnole^mot 
of  raw  feed): 

Ho . 

4.15 

0.576 

0.50 

2.56 

0.695 

0.692 

Ratio 

8.30 

3.71 

KdUO  ...  ■■■ 

CnMam-a 

Contents  of 

liquid  products 
(wt.%): 

fraction  up  to  180*.. 
180-350*  Traction  .  . 

12.5 

14.0 

25.6 

24.2 

Unsaturat^  com- 

pounds  (7o> 

in  liquid  hydro 

carbons . 

34.0 

39.4 

in  fraction  up  to  180* 
in  180-300*  frac- 

59.1 

68.2 

tion . 

in  300-380*frac- 

48.0 

47.0 

tion . 

44.0 

34.4 

of  fraction  up  to  180' 
of  180 -300*  fraction 

— 

1.4376 

1.4552 

•catalyst  volume  was  18  ml  in  this  experi¬ 
ment,  and  30  ml  in  the  others. 


1146 


It  is  clear  from  Table  1  that  this  results  in  a  lower  yield  of  liquid  products,  higher  yields  of  gas,  coke, 
and  low-boiling  fractions,  and  an  increase  in  the  contents  of  unsaturated  compounds  in  the  reaction  products. 

All  three  chromium  oxide— alumina  catalysts  were  tested  with  the  300-380*  paraffin  fraction.  It  was  found 
(compare  Tables  1  and  2)  that  the  best  catalvst  for  dehydrogenation  of  paraffin  hydrocarbons  of  the  300-380* 

H 

fraction  is  Sample  No.l  (containing  8‘^t)Cr208).  The  — — -  ratio  obtained  with  this  catalyst  is  8.3%,  which 

CnHjn+i 

is  the  highest,  while  all  the;  other  characteristics  are  almost  the  same.  The  somewhat  higher  refractive  indices 
of  the  individual  fractions  suggest  that  dehydrogenation  may  be  accompanied  by  dehydrocyclization  in  this  case  . 
However,  this  requires  further  confirmation. 

Comparison  of  the  data  in  Table  3  shows  that  chromium  oxide— alumina  catalysts  are  the  best  dehydro¬ 
genation  catalysts  for  the  180-200*  fraction.  Thus,  with  a  chromium  oxide—  alumina  catalyst  (Sample  No.2) 

the  - * -  ratio  in  the  gas  is  4.07  as  compared  with  3.4  with  the  catalyst  consisting  of  KAD  +  l%NaOH; 

CnHjn+i 

the  yield  of  liquid  products  is  higher,  and  less  coke  and  gas  is  formed.  Moreover,  the  degree  of  cracking  (yields 
of  gas  and  gasoline)  are  lower  with  the  chromium  oxide— alumina  catalyst. 


TABLE  3 

Comparative  Data  on  Carbon  and  Chromium  Oxide- Alumina  Catalysts  .Temperature 
500-510*,  atmospheric  pressure,  space  velocity  2  vol./vol. catalyst 'hour,  180-210* 
fraction  used  as  raw  feed,  duration  of  experiment  2  hours 


Catalysts 

Experimental  data 

BAU  +  1% 
NaOH 

KAD  +  1% 
NaOH 

chrome -alum¬ 
ina  catalyst 
[Sample  No.2) 

Obtained  (wt.%): 
liquid  hydrocarbons . 

88.19 

83.60 

92.50 

Ca  +  C4  -|-  > . 

coKe . . . 

0.47 

2.64 

0.50 

0.40 

1.25 

0.44 

gas  +  losses . 

10.94 

13.51 

6.56 

100.00 

100.00 

100.00 

Composition  of  gas  (vol.%); 

CO2 . 

C,H2, . 

CO  . 

Hz  . 

Cttllzfi  ^.2  ............ 

Formed  (in  moles/mole  of  raw  feed) 

C,|H2n  . . . . 

Hz  . 


H, 


CnH2n  +  2  • 

Ratio - 

Unn2n  +  z 

Contents  of  liquid  products 
Cwt.  %): 

fraction  up  to  180  .  .  .  .  , 
180-210*  fraction  ..... 


Unsaturated  compounds  (%) 
in  liquid  hydrocarbons 
in  fraction  up  to  180" C 
in  180-210*  fraction 


0.61 

21.90 
1.89 

43.70 

31.90 

0.230 

0.455 

0.336 


1.36 


23.5 
74.8 

13.6 
32.2 

11.1 


0.00 

16.85 

0.31 

64.00 

18.84 

0.306 

1.160 

0.342 


3.40 


27.7 

68.2 


20.9 
.  33.3 
15.7 


0.10 

17.90 

0.62 

65.25 

16.13 

0.173 

0.632 

0.155 

4.07 


10.7 

85.6 


12.3 

47.4 
8.52 


of  liquid  reaction  products  .  .  .  . 
of  fraction  up  to  180*  C  .  .  .  . 
of  180-210*  fraction  •  •  •  • 


1.4216 


1.4286 

1.4212 

1.4322 


1.4263 

1.4208 

1.4268 
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TABLE  4 


TABLE  ft 


Conversion  with  Recycling  of  Residues.Tem- 
perature  ftOO-ftlO",  space  velocity  2  vol,/  vol. 
.catalyst-hour 


Experimental  data 

Fresh  teed- 
300-380*  frac¬ 
tion  (paraffin) 

Fresh  feed  +  re 
cycled  oil 

Fresh  feed  + 
recycled  oil 

Yield  {vit.loy. 

liquid  hydrocarbons 

88.81) 

91.07 

coke  +  gas  +  losses 

11.20 

8.93 

.5.13 

1(M),00 

1(K).(K) 

100.00 

Iodine  number  of 

catalyzate . 

52.0 

48.0 

47.0 

Tentative  Data  on  Exhaustive  Dehydrogenation 
of  Paraffin  Hydrocarbons  (300-380*  Fraction) 
over  Carbon  and  Chromium  Oxide— Alumina 
Catalysts 


Catalyst 

Experimental  data 

2 

1  X 

§9 

chrome- 
alumina 
(Sample  No. 

2^ 

' 

25.5 

.30.5 

180-300"  fraction  .  .  . 

42.2 

47.5 

coke . 

2.:» 

2.00 

^'1 .  <-3.  •  ‘4  1 

gas  +  losses . 

30.0 

20.50 

Service  life  and  regeneration  of  catalyst.  Catalyst  No.2  was  used  in  tliese  experiments.  This  catalyst 
was  used  continuously  for  28  hours.  During  the  first  two  or  three  hours  the  activity  of  the  catalyst  was  some¬ 
what  higher,  and  then  it  fell  and  remained  almost  constant  for  25-26  hours.  The  activity  of  such  catalyst  is 
completely  restored  by  regeneration  in  a  current  of  air  at  600-650". 

The  possibility  of  complete  conversion  of  the  raw  feed  was  studied  with  tlie  use  of  this  catalyst  (Sample 
No.2).  It  was  found  (Table  4)  that  if  the  residues  are  recycled  the  activity  of  the  catalyst  remains  almost 
constant  (the  iodine  numbers  of  the  catalyzates  remain  constant  in  the  47-52  range). 

Typical  yields  obtained  by  dehydrogenation  of  high-boiling  paraffin  hydrocarbons  (300-380*  fraction)  over 
carbon  and  chromium  oxide -alumina  catalysts  are  given  in  Table  5. 


SUMMARY 

1.  It  is  shown  that  it  is  possible  in  principal  to  effect  dehydrogenation  of  paraffin  hydrocarbons,  con 
taining  from  8  to  20  carbon  atoms  in  the  molecule,  over  certain  chromium  oxide —alumina  catalysts. 

2.  Dehydrogenation  of  different  paraffin  fractions  proceeds  at  450-530",  under  atmospheric  pressure, 
at  a  space  velocity  of  2-4  vol./  vol.catalyst*hour. 

3.  Dehydrogenation  occurs  selectively  in  presence  of  chromium  oxide-alumina  catalysts,  but  a  low 
space  velocities  (1  vol./  vol.catalyst.Jhour)  dehydrocyclization  may  occur. 

4.  The  catalysts  are  stable  in  operation,  are  easily  regenerated,  and  fully  recover  their  activity. 
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OXIDATION  OF  ACENAPHTHENE  TO  NAPHTHALIC  ANHYDRIDE 


G.  P.  Petrenko  and  M.  M.  Dashevskii 


Various  methods  are  described  in  the  literature  for  oxidation  of  acenaphthene  to  naphthalic  anhydride; 
for  example,  by  dichromate  in  presence  of  sulfuric  [1]  or  acetic  [2]  acids,  by  hydrogen  peroxide  [3],  and  by 
oxygen  under  pressure  in  o-dichlorobenzene  solution  [4].  Good  yields  of  naphthalic  anhydride  were  obtained 
only  in  acetic  acid  solution.  However,  the  consumption  of  the  latter  is  5  to  10  times  the  amount  of  acenaph¬ 
thene  oxidized,  which  is  unacceptable  economically. 

According  to  an  American  patent,  acenaphthene  is  smoothly  oxidized  to  naphthalic  anhydride  by  aqueous 
dichromate  solution  under  pressure  [5]. 

The  patent  literature  on  vapor-phase  oxidation  of  acenaphthene  is  extensive.  Thus,  according  to  American 
patents  of  the  Selden  Company,  acenaphthene  is  oxidized  by  oxygen -containing  gases  mixed  with  steam  at 
400®.  Oxides  of  Group  V  and  VI  elements  and  of  alkaline-earth  metals  are  recommended  as  catalysts.  In  ac¬ 
cordance  with  the  conditions,  oxidation  of  acenaphthene  (I)  yields  different  products:  acenaphthylene  (II), 
acenaphtene  quinone  (III),  naphthalic  anhydride  (IV),  and  others  [6,  7]. 


cila— CIlj  (:II=C1I  CO— CO  CO  (10 


1  n  III  IV 


According  to  other  patents,  acenaphthene  may  first  be  oxidized  to  acenaphthylene,  and  the  latter  is  then 
oxidized  at  a  higher  temperature  over  a  less  active  catalyst  [8-11].  According  to  certain  British  patents,  acenaph¬ 
thene  is  oxidized  by  air  (  1 :  20—30)  mixed  with  steam  at  350-400®  over  iron  vanadate  on  pumice.  Almost  pure 
naphthalic  anhydride  is  obtained  under  these  conditions.  If  the  oxidation  is  performed  at  380-420®  over  lead 
vanadate  on  quartz,  acenaphthylene  is  predominantly  formed  [12,13].  Naphthalic  anhydride  is  also  formed  in 
the  oxidation  of  acenaphthene  by  air  (1:40)  over  a  catalyst  consisting  of  silver  vanadate  stabilized  by  3-57oof 
sodium  or  potassium  carbonate  [6]. 

Among  the  oxidation  products  of  acenaphthene  the  most  interest  attaches  to  acenaphthylene,  acenaphthene 
quinone,  and  naphthalic  anhydride.  Evidently  vapor -phase  oxidation  cannot  be  stopped  at  the  quinone  stage 
whereas,  according  to  the  literature,  acenaphthylene  and  naphthalic  anhydride  are  formed  in  good  yields.Both 
these  compounds  are  now  used  in  the  production  of  plastics  [14,15]. 

Despite  its  availability,  acenaphthene  is  not  used  nearly  enough  in  our  country.  It  might  be  used  in  large 
amounts  for  the  purposes  indicated  above. 

The  present  paper  deals  with  a  study  of  the  vapor -phase  oxidation  of  acenaphthene,  mainly  to  naphthalic 
anhydride. 
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Fig.  1.  Effects  of  diferent  catalysts  on 
the  acenaphthylene  contents  of  the  dis¬ 
tillate:  A)  acenaphthylene  content, 

B)  temperature  Ccy,  catalysts:  1)  vana¬ 
dium  pentoxide,  2)  vanadium  pent- 
oxide  with  K2SO4,  3)  iron  vanadate 
with  K2SO4,  4)  copper  vanadate  with 
K2SO4,  6)  manganese  dioxide. 


Fig. 2.  Effects  of  different  catalysts  on 
the  yield  of  acenaphthylene:  A)  yield 
of  acenaphthylene  (%),  B)  temperature 
(“O;  designations  of  curves  as  in  Fig.l. 

of  manganese  peroxide  changes  little  with 
presence  of  the  other  catalysts  increase  of 
yield  rises  from  S-ll^oto  40-42%. 


We  studied  the  oxidation  of  acenaphthene  by  air  over  vana  - 
dium  catalysts  and  manganese  dioxide  at  320-425”.  The  effects 
of  temperature,  contact  time,  and  acenaphthene:  air  volume  ratio 
on  the  yields  of  different  oxidation  products  were  studied  in  the 
experiments.  The  results  are  plotted  in  Fig.  1-3  and  summarized 
in  Tables  1  and  2. 

Oxidation  of  acenaphthene  over  vanadium  pentoxide  (Catal¬ 
yst  No.l)  by  small  amounts  of  air  yields  mainly  a  mixture  of 
acenaphthylene  with  unchanged  acenaphthene,  and  is  always 
accompanied  by  formation  of  variable  amounts  of  naphthalic  an¬ 
hydride,  regardless  of  the  amount  of  air.  The  anhydride  yield 
increases  with  temperature  and  increasing  amount  of  air,  reach¬ 
ing  a  maximum  (29%)  at  350-360”,  and  then  decreases.  The 
oxidation  product  formed  from  acenaphthene  under  these  conditions 
is  easily  distilled  under  vacuum,  when  naphthalic  anhydride  re¬ 
mains  as  a  residue  in  the  distillation  flask.  In  the  best  experiments 
the  acenaphthylene  content  of  the  distillate  did  not  exceed  60%, 
and  its  total  yield  calculated  on  the  acenaphthene  taken  is  about 
40%. 

On  addition  of  potassium  sulfate  to  vanadium  pentoxide 
( Catalyst  No. 2)  the  oxidation  of  acenaphthene  by  small  amounts 
of  air  presents  a  very  different  picture  from  that  described  above. 
With  this  catalystf  appreciable  amounts  of  acenaphthylene  are 
formed  only  at  temperatures  above  360-380”,  and  this  is  accom¬ 
panied  by  formation  of  naphthalic  anhydride  in  amounts  increasing 
rapidly  with  increase  of  temperature.  In  the  oxidation  of  acenaph¬ 
thene  by  large  amounts  of  air  over  vanadium  pentoxide  with 
potassium  sulfate,the  main  reaction  product  is  naphthalic  an¬ 
hydride.  The  results  of  oxidation  of  acenaphthene  by  small 
amounts  of  air  over  copper  vanadate  with  potassium  sulfate 
(Catalyst  No. 4)  or  iron  vanadate  with  potassium  sulfate  (Catalyst 
No. 3)  differ  little  from  the  results  of  oxidation  of  acenaphthene 
over  vanadium  pentoxide  alone  (Catalyst  No.l)  under  similar 
conditions. 

The  oxidation  of  acenaphthene  over  manganese  peroxide 
(Catalyst  No. 5)  at  230-400”  takes  a  peculiar  course.  In  this 
case, formation  of  acenaphthylene  begins  at  a  considerably  lower 
temperature  than  over  vanadium  pentoxide,  and  is  not  accom¬ 
panied  by  formation  of  naphthalic  anhydride.  At  325“  the 
acenaphthylene  content  in  the  reaction  products  is  higher  than 
it  is  with  the  other  catalysts,  and  reaches  28-30%,  whereas  in 
presence  of  the  other  catalysts  it  hardly  reaches  3-15%  at  this 
temperature.  However,  the  yield  of  acenaphthylene  in  presence 
increase  of  temperature  and  does  not  rise  above  33%,  whereas  in 
temperature  has  a  fairly  pronounced  effect  and  the  acenaphthylene 


Increase  of  the  amount  of  air  over  manganese  peroxide  does  not  lead  to  any  appreciable  increase  of  the 
acenaphthylene  yield  or  to  formation  of  naphthalic  anhydride  but  merely  results  in  complete  combustion  of 
acenaphthene. 

Of  all  the  catalysts  tested,  iron  vanadate  with  potassium  sulfate  (Catalyst  No. 3)  gave  the  best  yield 
of  naphthalic  anhydride  in  the  oxidation  of  acenaphthene  at  350-370”,  with  acenaphthene  to  air  in  1:100  ratio 


by  volume,  and  a  contact  time  of  2.9  seconds.  Under  these  condi¬ 
tions  part  of  the  acenaphthene  is  burned  completely,  while  naph- 
thalic  anhydride  of  a  high  degree  of  purity  is  formed  (melting 
point  268“)  in  a  yield  of  75-807o  of  the  theoretical. 

EXPERIMENTAL 

The  reactor  used  for  studying  the  oxidation  of  acen^iphthene 
consists  of  a  massive  steel  cylinder  295  mm  long  and  75  mm  in 
diameter  (Fig.  4).  It  contains  two  parallel  canals  20  mm  in  dia¬ 
meter  running  axially  through  the  reactor  and  interconnected  at 
the  top  under  the  lid.  One  canal  is  packed  with  the  catalyst  (88  cc) 
while  the  other  serves  as  a  preheater  and  additional  mixer  for 
acenaphthene  vapor  and  air.  At  the  top  the  reactor  has  a  screw 
lid  with  sockets  for  a  thermometer  and  a  thermoregulator.  The 
reactor  is  electrically  heated;  the  temperature  is  controlled  within  ±  1“  by  means  of  a  thermoregulator.  The 
reactor  is  connected  to  two  air  preheaters,  which  are  electrically  heated  stainless -steel  tubular  coils,  and  the 
acenaphthene  evaporator.  Each  preheater  is  equipped  with  a  thermoregulator.  The  acenaphthene  evaporator 
is  immersed  in  a  salt  thermostat  (53%  KNO3,  40%>  NaN02,  7%  NaN03)  where  its  temperature(160-270“)  is 
maintained  to  within  ±0.5’.  Hot  air  enters  the  reactor  in  two  streams.  One  stream  enters  the  evaporator, 
where  it  passes  through  the  layer  of  fused  acenaphthene  and  becomes  saturated  with  its  vapor.  The  feed  rate  of 
acenaphthene  into  the  reactor  is  controlled  by  the  velocity  of  this  stream  and  the  acenaphthene  temperature  in 
the  evaporator.  The  other  stream  of  air  serves  to  dilute  the  mixture  of  air  and  acenaphthene  vapor  at  the  entry 
into  the  reactor  to  the  required  acenaphthene  ;  air  ratio.  The  other  parts  of  the  unit  are  clear  from  the  diagram. 

Preparation  of  catalysts.  Pumice  in  the  form  of  4-7  mm  pieces  was  used  as  support  for  all  the  catalysts. 
Some  of  tlie  catalysts  contained  considerable  amounts  of  potassium  sulfate,  the  influence  of  which  on  the 
activity  of  vanadium  catalysts  is  reported  in  the  literature  [16]. 

Catalyst  No.l.  Ammonium  vanadate  (15  g)  was  dissolved  with  warming  in  400  ml  of  water,  and  300  ml 
(bulk  volume)  of  pumice  was  put  into  the  hot  solution.  The  solution  was  evaporated  with  continuous  stirring, 
and  the  catalyst  was  then  dried  at  125’.  Before  use  it  was  activated  by  hot  air  at  400’  for  2-3  hours. 

Catalyst  No. 2.  This  was  prepared  and  activated  in  the  same  manner  as  Catalyst  No.l,  but  11.4  g  of 
potassium  sulfate  was  added  to  the  ammonium  vanadate  solution  before  addition  of  the  pumice. 

Catalyst  No. 3.  Potassium  sulfate  (7.6  g)  and  10  g  of  ammonium  metavanadate  were  dissolved  in  250  ml 
of  water  with  warming.  A  solution  of  7  g  of  ferric  chloride  (FeCls  •6H2O)  in  100  ml  of  water  was  added  to  this 
solution,  and  200  ml  of  pumice  was  put  in  immediately.  The  resultant  mass  was  evaporated  almost  to  dryness 
with  continuous  stirring  and  then  dried  at  125’.  The  catalyst  was  activated  by  hot  air  at  400’  for  3-4  hours 
until  it  was  completely  free  of  ammonium  chloride . 

Catalyst  No.4.  This  was  prepared  as  Catalyst  No. 3,  but  instead  of  ferric  chloride  7  g  of  cupric  chloride 
(CUCI2  •2H2O)  was  taken.  The  dried  catalyst  was  activated  by  hot  air  at  360°  for  3  hours. 

Catalyst  No.5.  Manganese  carbonate  (12  g)  was  dissolved  in  16  ml  of  concentrated  nitric  acid  with  200 
ml  of  water.  The  solution  was  warmed  and  filtered.  To  the  filtrate  200  ml  of  pumice  was  added  and  the 
mixture  was  evaporated  to  dryness.  The  dry  catalyst  was  heated  to  250’  and  treated  with  hot  air  at  that  tem¬ 
perature  until  magnesium  nitrate  was  completely  decomposed.  The  catalyst  was  then  activated  by  hot  air  at 
400’  for  1-2  hours. 

Acenaphthene  was  oxidized  in  presence  of  these  catalysts,  both  with  small  (up  to  1:15  ratio)  and  large 
(up  to  1:150  ratio)  amounts  of  air  at  320-435  .  The  experiments  were  conducted  in  series  with  5-6  experiments 
in  each.  Each  series  consisted  of  experiments  at  different  temperatures  but  under  otherwise  equal  conditions, 
with  the  same  catalyst. 

It  had  been  noticed  that  fresh  vanadium  catalysts  become  "conditioned”  (undergo  changes  of  activity) 
at  the  start  of  operation,  and  therefore  the  results  of  the  first  5-6  experiments  were  disregarded.  Usually  20-22 
of  acenaphthene  was  oxidized  in  each  experiment.  The  evaporator  was  filled  with  acenaphthene,  weighed, 


A 


Fig. 3.  Effects  of  different  catalysts 
on  the  formation  of  nondistillable 
residue:  A)  yield  of  residue  (%),  B) 
temperature  (’C);  designations  of 
curves  as  in  Fig.  1. 
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TABLE  1 


Oxidation  of  Acenaphthene  by  Small  Amounts  of  Air  over  Catalyst  No.l 


Tempera  - 
tyre^ofexpt. 

Acenaph¬ 
thene 
taken  (g) 

Duration 
of  expt. 

(min) 

Amount 
of  air 
liters/ 
min) 

Yield  of 
reaction 
product 

(8) 

Amount 

distilled 

under 

vacuum 

(g) 

Acenaph¬ 

thylene 

content 

In  distil¬ 
late  (fo) 

Yield  of  1 
acenaph  -1 
thylene  1 

(V)  1 

1 

Amt.  of 
residue 
naph- 
ihaiic 
anhydride 

[loV 

;!:!(> 

21.1 

2d 

d.75 

2d2i 

19.4 

Id.l 

9.35 

3.9 

:iiu 

21.d 

2d 

d.75 

2(  1.6 

IS.S 

26.3 

23.8 

6.S 

;iii(i 

21.3 

2d 

d.75 

2d.7 

IS.d 

24. S 

21.2 

11.1 

oNd 

21.0 

2d 

d.75 

20.S 

19.1 

30.1 

27.0 

6.4 

'tUd 

21. 'i 

2d 

d.75 

21. d 

19.5 

37.9 

34.9 

6.3 

320 

21.1 

3.'. 

d.69 

2d.l 

18.2 

18.S 

16.4 

8.1 

3/|d 

2d.<i 

37 

d.69 

2d.d 

16.d 

39.9 

31.1 

16.9 

;U)d 

2d.:. 

37 

d.69 

19.7 

14.9 

44.9 

32.9 

2d.9 

;isd 

2d.S 

3li 

d.69 

19.4 

13.3 

48.9 

31.7 

27.4 

4d0 

2d.r. 

35 

d.69 

19.7 

15.d 

52.8 

39.d 

1 9.S 

320 

21.:. 

19 

1.33 

19.S 

18.7 

13.9 

12.2 

4.2 

34d 

21.1 

IS 

1.33 

19.9 

17.6 

37.1 

31.4 
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Fig.  4.  Apparatus  for  contact  oxidation  of  acenaphthene;  1)  air  blower,  2)  filter,  3)receiver, 
4)  pressure  regulator,  5)  fine-regulation  valves,  6)  flow  meters,  7)  primary-air  preheater, 

8)  air  ducts,  9)  thermometers,  10)  acenaphthene  evaporator,  11)  evaporator  bend,  12)  pre¬ 
heater,  13)  mixing  chamber,  14)  salt  thermostat,  15  screw  turntable,  16)  relay,  17)  rheo¬ 
stats,  18)  ammeter,  19)  thermoregulator. 
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connected  to  the  reactor,  and  immersed  in  the  thermostat  in  wliich  a  predetermined  temperature  was  maintained. 

The  second  air  stream  was  then  adjusted  to  the  required  rate,  and  only  then  was  the  first  stream  passed  through  the 
evaporator.  The  instants  at  which  the  air  supply  into  the  acenaphthene  evaporator  was  started  and  stopped  were 
taken  as  the  start  and  the  end  of  the  experiment  respectively.  The  reaction  product  was  collected  in  a  weighed 
glass  receiver.  The  receiver  was  fitted  with  a  cot!on-wool  plug  at  the  outlet  in  order  to  prevent  loss  of  product 
with  tile  stream  of  exit  gas. 

Oxidation  of  acenaphthene  over  vanadium  pentoxide 
by  small  amounts  of  air  (Table  1)  gave  a  low-melting 
product  containing  a  small  amount  of  naphthalic  anhy¬ 
dride.  When  this  product  was  distilled  at  10-20  mm, 
acenaphthylene  and  unchanged  naphthene  were  distilled 
off  in  the  135-145'  range,  while  naphthalic  anhydride 
remained  as  residue  in  the  distillation  flask. 

Since  the  yellow  color  of  the  distillate  is  caused 
by  the  presence  of  acenaphthylene  in  acenaphthene, we 
developed  a  colorimetric  method  for  estimation  of  ace¬ 
naphthylene  and  tested  it  with  artificial  mixtures  of  ace¬ 
naphthylene  and  acenaphthene.  A  standard  solution 
containing  0.2  g  of  acenaphthylene  in  100  ml  of  ethyl 
alcohol  is  the  most  suitable  for  work  with  the  KOL-lM 
colorimeter  with  a  No. 7  light  filter  (effective  wave 
length  449).  The  error  of  the  colorimetric  determinations 
(with  artificial  mixtures)  does  not  exceed  2-3%.  The  res¬ 
idue  in  the  distillation  flask  consisted  mainly  of  naph¬ 
thalic  anhydride;  this  was  demonstrated  as  follows.  A 
mixture  of  5  g  of  residue,  5  g  of  sodium  carbonate,  25 
ml  of  nitrobenzene,  and  150  ml  of  water  was  boiled  for 
1  hour  under  reflux.  Nitrobenzene  was  then  distilled  off  in  steam,  and  the  undissolved  residue  was  filtered  off. 

From  the  soda  filtrate  2.6  g  of  naphthalic  anhydride  was  precipitated  by  mineral  acid.  To  test  for  the  presence  of 
acenaphthene  quinone  in  the  undissolved  residue,  25  ml  of  nittobenzene,  25  ml  of  40%  sodium  bisulfite  solution, 
and  150  ml  of  watdr  were  added  to  the  residue  and  the  mixture  was  heated  with  a  mechanical  stirrer  on  the  water 
bath  for  1  hour.  The  liquid  was  cooled,  the  nitrobenzene  was  separated  off,  the  bisulfite  solution  was  acidified  with 
sulfuric  acid  and  boiled  for  15-20  minutes  until  sulfur  dioxide  was  completely  removed.  Not  even  a  trace  of  ace¬ 
naphthene  quinone  separated  out  of  the  solution. 

In  addition  to  naphthalic  anhydride,  the  residues  retain  certain  amounts  of  acenaphthene  and  acenaphthylene, 
which  in  our  procedure  are  distilled  in  steam  together  with  nitrobenzene. 

It  follows  from  the  foregoing  that, even  when  small  amounts  of  air  are  used , acenaphthene  is  oxidized 
partially  as  far  as  naphthalic  anhydride. 

The  effects  of  different  catalysts  on  the  oxidation  of  acenaphthene  by  small  amounts  of  air  are  shown  in 
Fig.  1-3. 

All  the  five  series  of  experiments  tthe  results  of  which  are  plotted  in  these  graphs  .were  conducted  at 
1:7.5  ratio  of  acenaphthene  to  air,  with  a  contact  time  of  3.5  seconds. 

In  experiments  with  large  amounts  of  air  .with  all  our  vanadium  catalysts  the  oxidation  products  contained 
considerable  amounts  of  naphthalic  anhydride  together  with  a  little  acenaphthylene.  A  part  of  the  acenaph¬ 
thene  was  burned.  These  products  melted  at  fairly  high  temperatures  and  could  not  be  distilled  under  vacuum. 
Acenaphthylene  was  distilled  out  of  them  in  steam,  and  naphthalic  anhydride  was  extracted  in  warm  soda  or 
alkali  solution.  When  acenaphthene  was  oxidized  by  large  amounts  of  air  under  fairly  harsh  conditions  over 
Catalyst  No.3,  pure  naphthalic  anhydride  in  the  form  of  well-defined  large  colorless  laminar  crystals  of  m.p. 

268'  collected  in  the  receiver.  The  yield  reached  75-80%  of  the  the  theoretical. 

When  the  oxidation  was  performed  with  the  same  amount  of  air  and  the  same  contact  time,  but  at  a  tem¬ 
perature  10-20*  lower, the  yield  of  naphthalic  anhydride  was  somewhat  higher,  but  its  quality  was  worse. 


Vapor -Phase  Oxidation  of  Acenaphthene  over  Iron 
Vanadate  with  Potassium  Sulfate,  Catalyst  No.  3 


Tempera¬ 
ture  of 
expt.(*C) 
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aunydride 
(%) 

3r)(» 
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This  is  illustrated  in  Table  2,  which  contains  the  results  of  certain  experiments  on  oxidation  of  acenaph- 
thene  to  naphthalic  anhydride  by  large  amounts  of  air  over  Catalyst  No. 3. 


SUMMARY 

1.  Naphthalic  anhydride  is  formed  in  30-80%  yield  by  catalytic  vapor-phase  oxidation  of  acenaphthene 
at  320-400*  over  vanadium  pentoxide  on  pumice. 

2.  Addition  of  potassium  sulfate  to  vanadium  pentoxide  sharply  raises  the  activity  of  the  catalyst,  in¬ 
creasing  the  yield  of  naphthalic  anhydride  to  50-60%. 

3.  Even  better  results  are  obtained  in  presence  of  iron  vanadate  with  potassium  sulfate  on  pumice.  With 
this  catalyst  the  yield  of  naphthalic  anhydride  of  m.p.268*  is  75-80%. 

4.  Oxidation  of  acenaphthene  over  manganese  oxide  on  pumice  as  catalyst  yields  a  low -oxidation  product 
with  small  amounts  of  air,  or  combustion  products  with  large  amounts  of  air. 
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PREPARATION  OF  FORMALDEHYDE  BY  OXIDATION  OF  METHANE. 
CATALYZED  BY  NITROGEN  OXIDES 


N.  S.  Enikolop’yan,  N.  A.  Kleimenov,  L.  V.  Karmilova, 
A.  M.  Markevich,  and  A.  B.  Nalbandyan 


In  the  first  part  of  this  investigation  [1]  ,we  studied  the  conditions  of  formaldehyde  formation  in  the  oxida 
tion  of  methane  catalyzed  by  small  amounts  (O.l^o)  of  nitric  oxide. 

This  paper  contains  the  results  of  further  investigations  performed  with  reaction  vessels  arranged  in  series, 
and  also  by  a  recirculation  scheme.  The  reaction  vessels  used  were  packed  and  treated  with  potassium  tetra¬ 
borate.  Nitrogen  oxides  were  used  as  the  homogeneous  catalyst. 


EXPERIMENTAL 

Experiments  with  Reaction  Vessels  in  Series* 

In  this  series  of  experiments,  the  original  gas-air  mixture  (CH4  33,3%  air  BG.B^oNO  0.1%)  was  passed 
consecutively  through  three  reaction  vessels.  The  formaldehyde  was  collected  in  water  in  absorbers  placed  at 
the  exit  from  each  reactor.  The  reaction  vessels  were  porcelain  tubes  30  mm  in  diameter,  heated  in  electric 
furnaces.  They  were  packed  with  "Mazda"  hard-glass  beads.  The  results  of  these  experiments  are  presented  in 
the  table,  where  the  last  column  gives  the  yields  of  CH2O  calculated  on  the  CH4  taken , 

It  is  seen  from  these  results  that  under  these  conditions  7.4%  of  methane  by  volume  is  oxidized  to  formal¬ 
dehyde,  and  9-12%  to  carbon  monoxide.  Methyl  alcohol  was  not  determined  in  the  reaction  products  in  these 
experiments.  If  up  to  20%  methyl  alcohol,  calculated  on  formaldehyde,  is  formed  [1,2],  the  useful  conversion 
of  methane  reaches  9%  on  the  amount  originally  taken. 

Experiments  in  a  Circulation  Unit 

Two  circulation  schemes  were  used  in  the  experiments  —  closed  and  continuous. 

In  the  closed -circulation  scheme  the  original  gas— air  mixture,  confined  in  the  apparatus,  was  passed 
repeatedly  through  the  reaction  vessel.  Formaldehyde  was  collected  in  water  in  an  absorber  placed  at  the  exit 
of  the  reaction  vessel.  The  contact  time  and  temperature  in  the  reactor  were  kept  constant.  After  a  definite 
number  of  cycles  the  spent  mixture  was  passed  out  into  the  atmosphere  and  the  system  was  refilled  with  fresh 
mixture. 

The  yields  of  formaldehyde  for  different  numbers  of  cycles  were  determined,  and  the  distribution  of  the 
reaction  products  between  different  cycles  was  studied.  The  lower  limit  of  CHjO  yield  per  molecule  of  NO 
catalyst  was  also  determined.  The  number  of  cycles  in  such  a  system,  with  contraction  disregarded,  is  defined 
as  the  ratio  of  the  amount  of  gas  passed  through  the  reactor  to  the  total  amount  of  circulating  mixture. 

The  results  of  one  series  of  experiments  are  plotted  in  Fig.  1. 


*  A.  A.  Anisonyan,  S.Ya.  Beider,  and  N.  I.  Vinnikova,  of  the  All-Union  Scientific  Research  Institute  of 
Gases,  MNP,  assisted  in  this  part  of  the  work. 
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Contents  of  O2,  CO,  CO2  and  CH2O  in  the  Gas-Air  Mixture  in  a  System  of  Three 
Consecutive  Reactors 


Reactor 

No. 

At  entry  into  reactor  (vol.% 

'  At  exit  from  reactor  (vol.%) 

CH2O  (% 
by  vol.oii 
CH4  taken) 

} 

CO, 

» 

.•0, 

(’11,0 

1 

> 

1:1.9— l-i  .(I 
lO.O— 1 1.5 
9—10 

Formald( 

0  0 

0.7  — 1.5  0.1— o.:i 

1.5— 2.5  1  0.2— o.'t 
shyde  obtained 

10.0— 1 1.5 
9— in 
7.5—9 

n.7— 1.5 

1. 5-2.5 

:i  -/i 

0.1— o.:i 

0.2— O.'i 

it.5— 0.7 

0.9— 0.9:1 
o..s:i 
0.70 
•J.'lti 

•2.7— 2.S 

2.5 

2.1 

7.^1 

It  follows  from  these  results  that  in  8  cycles  18.5%  of  the 
methane  taken  is  oxidized  to  formaldehyde,  and  a  little  more 
(19.7%)  is  converted  to  carbon  monoxide.  In  some  instances, 
when  the  circulating  mixture  was  supplemented  with  air  or 
oxygen,  up  to  32%  of  the  original  methane  could  be  converted 
into  formaldehyde. 

It  was  shown  earlier  [1]  that  under  the  optimum  conditions 
the  molecular  yield  of  formaldehyde  in  a  single  pass  was  about 
10  per  molecule  of  homogeneous  catalyst. 

In  repeated  circulation  in  a  closed  system  an  increase  of 
the  useful  conversion  of  methane  and  a  corresponding  increase  of 
the  formaldehyde  yield  per  molecule  of  NO  could  be  expected  if 
nitrogen  oxides  are  a  true  catalyst  and  do  not  undergo  chemical 
changes  during  the  reaction. 


Fig.l.  Yield  of  formaldehyde  in  closed 
circulation  at  t  =  580“  with  an  original 
mixture  containing  (%)'.CH4  28,  air  71.4, 
NO  0.6  :  A)  contents  of  CH2O  and  CO 
(in  %on  CH4  by  volume),  B)  number  of 
cycles;  curves:  1)  yield  of  CH2O,  2) 
accumulation  of  CO. 


To  confirm  this  hypothesis,  experiments  were  performed  witli 
a  mixture  containing  18%CH4,  9%02,  73%  N2  and  0.1%  NO. 

Small  amounts  of  methane  and  oxygen  in  equimolecular  propor¬ 
tions  were  fed  in  order  to  maintain  a  constant  pressure  in  the 
system.  The  experiments  were  performed  at  550  and  590".  It 
was  found  that  20  and  even  30  molecules  of  formaldehyde  are 
formed  per  molecule  of  NO. 


An  important  disadvantage  of  closed  circulation  is  that  the 
process  must  be  stopped  at  intervals  and  the  system  recharged  with  fresh  air-gas  mixture.  Continuous  circulation 
is  preferable  in  this  respect. 


In  the  continuous-circulation  scheme.the  gas  circulating  in  the  system  was  continuously  enriched  with  fresh 
original  gas— air  mixture  at  the  entry  into  the  reactor.  The  spent  gas  from  the  absorber  was  simultaneously  re¬ 
moved  from  the  system.  Under  these  conditions,  the  number  of  cycles  is  defined  as  the  ratio  of  the  amount  of 
circulating  gas  to  the  amount  of  fresh  gas  —air  mixture.  When  the  number  of  cycles  is  n,  the  composition  of  the 
gas  entering  the  reaction  vessel  always  corresponds  to  the  (n— l)th  cycle,  i.e.,  the  contents  are  much  lower  than 
in  the  fresh  mixture.  Because  of  this  the  yield  of  CH2O  is  appreciably  lower  in  continuous  circulation  than  in 
a  system  of  reactors  in  series,  where  the  concentrations  of  the  reacting  gases  decrease  gradually  from  stage  to 
stage. 

The  principal  circulation  experiments  were  concerned  with  a  study  of  the  dependence  of  the  formaldehyde 
yield  on  the  composition  of  the  mixture  and  the  number  of  cycles.  The  experiments  were  performed  with  dif¬ 
ferent  methane— air  mixtures  and  different  numbers  of  cycles.  The  temperature  in  these  experiments  was  varied 
between  565  and  680*.  The  amount  of  nitrogen  oxides  fed  in  was  calculated  to  give  a  concentration  of  0.1%  by 
volume  in  the  circulating  mixture.  The  main  results  are  presented  in  Fig.  2  and  3.  It  is  seen  that,  for  example, 
with  10-fold  circulation  of  a  mixture  containing  227oCH4,up  to  21%  of  the  methane  passed  is  converted  into 
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A 


Fig.  2.  Yield  of  formaldehyde  in  con¬ 
tinuous  circulation  of  different  original 
methane— air  mixtures  containing  0.1% 
NO:  A)  content  of  CH2O  (in  %  on  CH4 
by  volume),  B)  number  of  cycles;  CH4 
content  (%)  and  temperature  ("C)  respec¬ 
tively:  1)  22  and  620,  2)  33.3  and  640, 
3)  40  and  650. 


A  B 


Fig.  3.  Yields  of  formaldehyde 
and  other  oxidation  products,  and 
consumption  of  oxygen  in  contin¬ 
uous  circulation  at  t  =  650"  of  an 
original  mixture  containing  (%): 
CH4  40,  air  60,  NO  0.1;  A)  con¬ 
tents  of  CHjO,  CH3OH  and  CO 
(in  %  by  volume  on  CH4),  B)  O2 
concentration  in  the  circulating 
gas  (vol  .  %),  C)  number  of  cycles; 
curves:  1)  yield  of  CH2O,  2)  forma¬ 
tion  of  CO,  3)  formation  of  CH3OH, 
4)  fall  of  oxygen  concentration. 


formaldehyde.  Hence  the  useful  conversion  of  methane  reaches 
280  g  per  1  nf  of  methane  if  the  methyl  alcohol  formed  is  dis¬ 
regarded.  Under  these  conditions  about  11.5%  of  the  original 
hydrocarbon  is  converted  into  carbon  monoxide.  The  formal¬ 
dehyde  concentration  in  the  gas  before  absorption  was  0.4-0.45%. 

With  4-fold  circulation  of  the  same  mixture  the  formal¬ 
dehyde  yield  reaches  11%.  In  circulation  of  a  mixture  containing 
33.3%  methane , about  10%  of  the  CH4  is  converted  into  formal¬ 
dehyde  in  4  cycles,  and  if  the  number  of  cycles  is  increased  to  8 
the  yield  on  the  methane  passed  can  be  raised  to  16%. 

The  experimental  results  show  that  if  the  methane  content 
of  the  original  mixture  is  raised  from  22  to  40%  the  useful  conver¬ 
sion  of  methane  is  decreased  somewhat  (Fig.  2).  At  the  same 
time,  the  formaldehyde  content  of  the  gas  leaving  the  reactor 
rises  from  0.4-0.45  to  0.9%,  which  raises  the  productivity  of  the 
unit  and  makes  absorption  of  the  formaldehyde  easier.  As  ex¬ 
pected,  the  yields  of  formaldehyde  and  methyl  alcohol  are  not 
proportional  to  the  number  of  cycles.  The  relative  degree  of 
useful  conversion  of  methane  per  cycle  decreases  with  increase 
of  the  number  of  cycles. 

A  special  series  of  experiments  was  performed,  with 
chemical  determination  of  nitrogen  oxides  in  the  feed  and  spent 
mixture  and  the  absorption  liquor,  in  order  to  calculate  the 
material  balance  of  the  homogeneous  catalyst. 

These  experiments  showed  that  losses  of  nitrogen  oxides  as 
the  result  of  unavoidable  absorption  in  the  absorber  may  be  from 
2  to  16%  of  the  amount  fed  in,  in  accordance  with  the  circula¬ 
tion  conditions  (flow  velocity,  temperature  of  the  experiment, 
oxygen  content  of  the  mixture). 

It  was  shown  that  84-98%  of  the  nitrogen  oxides  is  found 
in  the  exit  gases.  It  follows  from  all  these  results  that  nitric 
oxide  is  not  consumed  to  any  extent  in  the  reaction,  and  acts  as 
a  homogeneous  catalyst. 


SUMMARY 

1.  In  a  study  of  the  possibility  of  raising  the  degree  of  useful 
conversion  of  methane  by  oxidation  to  formaldehyde  in  a  system 
of  reactors  in  series  and  with  circulation,  it  was  shown  that  in 
presence  of  small  amounts  (0.1-0.127o)  of  NO  in  a  system  of 
three  consecutive  reactors  the  useful  conversion  of  methane  can 
be  raised  to  7.4%,  and  in  a  closed -circulation  system  it  can  be 
raised  to  20%  and  over. 

2.  The  distribution  of  the  reaction  products  and  oxygen 
consumption  in  mixtures  of  different  compositions  was  studied  in 
relation  to  the  number  of  cycles  under  conditions  of  continuous 
circulation.  It  is  shown  that  with  10-fold  circulation  the  useful 
conversion  of  methane  into  formaldehyde  in  lean  mixtures 
(CH4  =  22%)  can  be  raised  to  21%.  It  is  shown  that  the  produc¬ 
tivity  of  tlie  process  can  be  raised  and  the  formaldehyde  content 
of  the  gas  increased  by  circulation  of  mixtures  enriched  with 
natural  gas. 
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3.  The  relative  formaldehyde  yield  per  volume  of  homogeneous  catalyst  present  can  be  raised  to  30  under 
circulation  conditions. 

4.  The  extent  of  unavoidable  losses  of  catalyst  in  the  system  has  been  determined.  It  is  shown  that  nitrogen 
oxides  are  not  consumed  in  the  reaction  but  act  as  a  homogeneous  catalyst. 
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REACTIONS  OF  METALS  WITH  ORGANIC  THIO  AND  T  HIOP  HOSPHORUS 


ADDITIVES  IN  OILS* 


G.V.  Vinogradov,  M.  M.  Kusakov,  P.  I.  Sanin,  E.  A.  Razumovskaya , 
and  A  .  V  .  Ul’yanova 


The  commonest  antiwear(antiseize)  additives  are  mixtures  of  compounds  containing  sulfur,  phosphorus,  and 
chlorine,  or  compounds  containing  all  these  elements.  It  is  important  to  determine  the  functional  demarcation 
between  the  action  of  sulfur,  phosphorus,  and  chlorine  cornpounds  and  also  the  mutual  influence  of  these  com¬ 
pounds,  or  of  sulfur,  phosphorus,  and  chlorine  atoms  in  the  molecule  of  the  additive,  on  interaction  with  the 
metal  and  the  antiwear  effect.  Reliable  information  on  the  mechanism  of  joint  action  of  sulfur  and  chlorine 
compounds  is  now  available.  Investigation  of  the  same  question  in  relation  to  phosphorus  and  sulfur  compounds 
is  important. 

The  definition  of  the  lower  temperature  limit  of  additive— metal  interaction  under  static  conditions  depends 
on  the  sensitivity  of  the  method.  Comparison  of  the  binding  of  modifying  elements  on  the  metal  surface,  detected 
under  static  conditions  at  low  temperatures,  with  the  results  of  dynamic  (wear)  tests  is  possible  only  at  low  sliding 
velocities  when  it  is  permissible  (at  least  in  the  first  approximation)  to  disregard  the  change  of  temperature  in 
the  volume  of  the  lubricant  film  enclosed  between  the  friction  surfaces.  Despite  the  arbitrary  definition  of  the 
lower  temperature  limit  of  additive  —metal  interaction,  its  determination  is  significant  for  comparing  the  activi¬ 
ties  of  different  compounds. 

Modification  of  frictional  surfaces  by  the  action  of  antiwear  (antiseize)  additives,  which  is  their  main 
function,  presupposes  that  their  reactivity  is  sufficiently  high,  as  the  restoration  of  the  frictional  surfaces 
damaged  as  the  result  of  wear  must  generally  proceed  at  a  high  rate.  It  seems  likely  that  at  moderate  tempera¬ 
tures  the  shift  of  equilibrium  in  the  direction  of  decomposition  of  the  additive  is  primarily  due  to  its  interaction 
with  the  metal.  The  condition  that  the  reactivity  of  the  additives  must  be  high  implies  that  they  should  de¬ 
compose  more  or  less  readily  at  elevated  temperatures,  and  the  rate  of  the  decomposition  reaction  may  exceed 
the  rate  necessary  for  modification  of  the  frictional  surfaces  during  wear.  Reactions  taking  place  within  the 
volume  of  the  lubricant  may  become  significant.  The  upper  temperature  limit  of  additive  effectiveness  is 
determined  by  the  rapid,  metal-catalyzed,  thermal  decomposition  of  the  additives  which  commences  at  increased 
temperatures. 

The  volume  temperatures  of  solutions  of  organic  sulfur  and  phosphorus  compounds  have  a  strong  influence 
on  the  results  of  wear  tests.  The  causes  of  this  are,  on  the  one  hand,  changes  in  the  conditions  of  heat  transfer 
from  the  friction  zone,  and,  on  the  other,  changes  in  the  chemical  activity  of  the  substances  dissolved  in  the  oils 
with  respect  to  the  metal.  The  nature  of  such  changes  may  be  investigated  under  static  conditions  [1]. 

This  paper  contains  the  results  of  an  investigation  of  the  interaction  of  chromium-manganese-silicon  steel 
and  electrolytic  copper  with  organic  thio  and  phosphorus  compounds  dissolved  in  a  nonpolar  (naphthene-paraffin) 
bright  stock  fraction  isolated  from  a  mixture  of  high-grade  Surakhany  and  Karachukhur  petroleums.  This  product 
had  the  following  characteristics:  density  d4^  =  0.8812,  average  molecular  weight  M  =  543,  refractive  index 
n^D  =  1.4859,  kinematic  viscosities  720  =  '750,  750  =  105  and  7^00  =  14.5  centistokes. 


*  Paper  presented  at  the  Conference  on  Lubrication  and  Wear,  held  in  London  in  October  1957. 
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Activities  of  the  Preparations 


Additive 

Specific  activity  (pulses/ 

minute_?g) _ _ 

Steel  1  copper 

Elemental  sulfur  | 

•  nil'* 

3,5  -  lOl" 

Pidecyl  sulfide  1 

(;.r) .  ioi> 

S.S  .  K)!' 

Didecvl  disulfide  | 

().:>  •  10!' 

•S.S  .  1(»!' 

Tributyl  trithiophosphite  (S®®) 

•i.7  -107 

_ 

Tributyl  trithiophosphite (P32)  ' 

i.r>  • 

— 

Tributyl  phosphite  (P**)  j 

't.l  • 

Organic  thio  compounck  with  tagged  sulfur  were  prepared  by  the  usual  methods.  The  original  radioactive 
substances  were  elemental  sulfur  S*  and  BaS  containing  radioactive  sulfur.  Tributyl  phosphite  containing  the 
P**  isotope  was  synthesized  from  butyl  alcohol  and  PCI3  containing  radioactive  phosphorus.  The  reaction  was 
carried  out  in  presence  of  pyridine.  Tributyl  trithiophosphite  containing  tagged  sulfur  was  prepared  by  the  action 
of  pels  on  butyl  mercaptan  in  presence  of  pyridine  [2].  Butyl  mercaptan  was  prepared  by  the  action  of  butyl 
brorhide  on  thiourea  containing  S®  in  presence  of  ethyl  alcohol,  with  subsequent  decomposition  of  the  com¬ 
plex  formed  (alkyl  isothiourea  hydrobromide)  by  aqueous  caustic  soda.  Tributyl  trithiophosphite  containing 
tagged  phosphorus  was  prepared  by  the  same  method,  but  contained  the  P**  isotope. 

The  investigations  were  carried  out  by  the  method  described  previously  [1].  The  amounts  of  sulfur  or 
phosphorus  which  interacted  with  the  metal  were  calculated  from  the  results  of  determinations  of  the  activity  of 
standard  solutions  of  the  radioactive  preparations  applied  onto  metallic  disks.  Since  the  standard  and  working 
determinations  were  carried  out  under  the  same  conditions,  it  was  not  necessary  to  take  the  differences  in  scat¬ 
tering  of  electrons  by  steel  and  copper  into  account.  Standard  benzene  solutions  of  preparations  containing 
S®  or  P^^  of  known  specific  activity  were  placed  in  definite  amounts  on  the  disk  surfaces  by  means  of  a  micro¬ 
pipet.  After  the  solution  had  spread  and  the  solvent  evaporated,  the  radioactivity  was  determined  under  the 
same  conditions  as  used  for  disks  immersed  in  oil  containing  the  additives.  The  S®®  and  P®*  concentrations  in 
the  standard  solutions  were  chosen  so  that  the  activity  of  the  disks  after  evaporation  of  the  solvent  was  at  least 
2000  pulses/  minute.  The  activities  of  the  preparations,  measured  on  the  disk  surfaces  and  calculated  per  g  of 
a  mixture  of  stable  and  radioactive  isotopes,  are  given  in  the  table. 

The  table  shows  what  small  amounts  of  sulfur  and  phosphorus  can  be  determined  on  the  metal  surfaces 

[3-5]. 

The  results  of  experiments  with  steel  and  solutions  containing  0.6%  of  elemental  sulfur  are  plotted  in 
Fig.  1.  When  Fig.  1  is  examined  it  must  be  remembered  that, in  the  case  of  Curves  1  and  3,100/  pulses/min- 
ute  •  cm2  corresponds  to  1.4  -lO'^g  of  sulfur  (the  total  amount  of  the  stable  and  radioactive  isotopes);  in 
Curve  2,100  pulses/ minute  •  cm®  corresponds  to  1.8*  10"®  g  of  sulfur.  It  is  clear  from  Fig.l  that  interaction 
between  steel  and  sulfur  begins  even  at  room  temperature.  Similar  results  were  obtained  with  copper,  but  with 
the  difference  that  the  interaction  of  sulfur  was  much  more  intensive  with  copper  than  with  steel.  The  amount 
of  sulfur  bound  on  the  surface  was  tens  of  times  greater  for  copper  than  for  steel  even  at  room  temperature. 

Intensive  interaction  of  sulfur  with  steel  even  at  low  temperatures  causes  sulfur  solutions  to  have  peculiar 
antiwear  properties;  such  solutions  differ  in  nearly  every  respect  from  solutions  of  sulfides,  disulfides,  and  other 
similar  compounds. 

Fig.  2  shows  the  results  of  experiments  (each  of  2  hours)  at  different  temperatures,  with  solutions  con¬ 
taining  didecyl  sulfide  and  didecyl  disulfide  at  concentrations  such  that  the  oil  contained  1%  sulfur. 

The  difference  between  these  experiments,  in  which  the  effect  of  temperature  on  the  amounts  of  phos¬ 
phorus  and  sulfur  bound  by  the  metal  (in  a  definite  constant  time)  was  determined,  and  the  kinetic  experiments 
was  that  in  the  former  instance  a  new  metal  disk  was  used  each  time,  whereas  in  the  kinetic  studies  the  experi¬ 
ments  at  any  one  temperature  were  performed  with  the  same  disk. 
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Fig.  1.  Binding  of  elemental  sulfur  by  steel:  A)  activity  (pulses/ 
minute  'em*),  B)  time  (minutes);  temperature  Ccy.  1)  40,  2)  60, 
3)  130. 


B 

Fig. 2.  Effect  of  temperature  on  the 
amount  of  sulfur  bound  by  copper  and 
steel*  A )  total  amount  of  radioactive 
and  stable  isotopes  (mg),  B)  tempera  - 
ture  (“O;  1)  didecyl  sulfide  on  copper, 
2)  didecyl  disulfide  on  copper,  3)  di¬ 
decyl  disulfide  on  steel,  4)  didecyl 
sulfide  on  steel. 


It  is  evident  from  Fig.  2  that  the  reactivity  of  the  disulfide, 
is  considerably  higher  than  that  of  the  sulfide,  because  of  the 
greater  mobility  of  the  sulfur  atoms  in  the  former.  This  dif¬ 
ference  is  especially  significant  in  the  case  of  steel,  i.e.,  the 
less  reactive  metal.  The  difference  between  alkyl  and  aryl  sul¬ 
fides  on  the  one  hand,  and  disulfides  on  the  other,  with  respect 
to  their  interaction  with  steel  is  in  qualitative  agreement  with 
the  results  of  tests  of  their  solutions  in  naphthene-paraffin  bright 
stock  fractions,  performed  in  friction  machines.  The  fact  that 
the  binding  of  sulfur  on  the  metal  surface  has  a  temperature 
maximum  confirms  the  view  advanced  above,  according  to  which 
there  is  an  upper  temperature  limit  of  additive  effectiveness, 
which  corresponds  to  development  of  decomposition  processes 
of  the  additive  in  the  volume  of  the  oil.  In  fact,  it  is  easy  to 
detect  at  high  temperatures  the  liberation  of  gaseous  substances, 
containing  radioactive  sulfur,  from  the  oil. 

In  all  cases ,sulfur  was  bound  irreversibly,  i.e.,  chemically, 
on  steel  and  copper.  This  was  found  in  experiments  in  which 
the  washed  and  dried  activated  disks  were  placed  in  a  solvent 
under  constant  conditions,  kept  in  it  for  2  hours  and  again  sub¬ 
jected  to  the  same  treatment;  their  activity  was  then  deter¬ 
mined.  Experiments  with  tributyl  phosphite  solutions  (concentra- 
tion  0.1  M)  showed  that  P  is  bound  on  steel  from  these  solutions 
even  at  20“  (Fig. 3).  In  accordance  with  the  temperature,  the 
surface  becomes  saturated,  or  the  activity  begins  to  increase  at  a 
constant  rate,  or  the  process  may  become  self-accelerating.  At 
temperatures  above  140“,  the  additive  undergoes  decomposition 
accompanied  by  formation  of  a  precipitate. 


Experiments  with  tri  butyl  trithiophosphite  tagged  with 
and  respectively  are  of  considerable  interest.  The  ex¬ 
periments  were  carried  out  with  solutions  (concentration  0.1  M)  in  contact  with  steel  disks  for  2  hours.  It  was 
found  that  phosphorus  is  bound  by  steel  much  more  rapidly  than  sulfur.  Binding  of  phosphorus  by  steel  could  be 
detected  even  at  room  temperature,  whereas  binding  of  sulfur  could  be  detected  only  at  temperatures  above 
100“.  Under  the  experimental  conditions  used, the  amount  of  phosphorus  bound  by  steel  at  20“  was  4.2  mg/ cm^. 
This  is  about  0.01%ofthe  total  phosphorus  in  solution.  The  amounts  of  phosphorus  and  sulfur  bound  by  the  steel 
surface  increase  with  temperature,  reach  maximum  values,  and  then  decrease.  When  the  binding  of  phosphorus 
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A 


2)  40,  3)  60,  4)  80,  5)  100,  6)  110,  7)  120,  8)  130,  9)  140,  10)  150,  11)  160,  12)  170. 


Fig.  4.  Binding  of  phosphorus  from  tri¬ 
butyl  trithiophosphite  solution  by  steel: 
coordinates  as  in  Fig.  3;  temperature  (*C) 
1)  20,  2)  40,  3)  60,  4)  80,  5)  150. 


A 


Fig. 5.  Binding  of  sulfur  from  trlbutyl  tri¬ 
thiophosphite  solution  by  steel:  coordinates 
as  in  Fig.  3;  temperature  (”C);  1)  120,  2) 
130,  3)  140,  4)  150,  5)  160,  6)  170. 


by  the  steel  disks  was  at  a  maximum  (at  about  160*),  about  A^Jool  the  total  phosphorus  in  solution  had  reacted. 
The  amount  of  sulfur  which  reacted  under  the  same  conditions  was  0.02%. 

The  results  of  kinetic  studies  of  the  interaction  of  steel  with  tributyl  trithiophosphite  tagged  with  P**  and 
S*®are  plotted  in  Fig.  4  and  5.  It  is  seen  that  at  temperatures  of  about  140“  and  over, tributyl  trithiophosphite 
begins  to  decompose  after  some  time  (with  liberation  of  gaseous  sulfur-containing  products),  and  the  increase  of 
the  activity  of  the  disk  surfaces  accordingly  slows  down  or  ceases  entirely. 
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The  results  of  the  static  experiments  described  above  are  in  excellent  qualitative  agreement  with  the  re¬ 
sults  of  wear  tests  on  solutions  of  organic  thiophosphorus  compounds  and  mixtures  of  organic  thio  and  phosphorus 
compounds  [4-6].  The  above  experiments  showed  that  phosphorus  in  organic  phosphites  has  much  higher  reactivity 
toward  steel  than  sulfide  or  disulfide  sulfur,  including  sulfur  linked  with  phosphorus.  Therefore  a  film  of  iron 
phosphide  is  readily  formed  on  the  steel  surface  (preferentially  to  a  sulfide  film).  This  explains  why,  in  absence 
of  seizing  and  sharp  rises  of  temperature,  the  properties  of  the  steel  surface  are  influenced  predominaitly  by 
phosphorus  under  such  conditions.  It  is  only  when  the  frictional  surfaces  begin  to  seizefat  very  high  temperatures 
in  regions  of  their  contact)  that  the  influence  of  sulfur  and  the  formation  of  iron  sulfide  films  become  apparent. 

As  iron  sulfide  has  some  measure  of  plasticity,  the  seizing  conditions  are  made  somewhat  milder  —  the  running- 
in  of  the  frictional  surfaces  under  seizing  conditions  becomes  easier.  In  presence  of  organic  phosphorus  compounds 
only,  seizing  conditions  become  especially  severe.  It  follows  from  this  that  the  effects  of  sulfur  and  phosphorus  in 
organic  sulfur  and  phosphorus  compounds  with  regard  to  antiwear  activity  are  not  only  functionally  differentiated, 
but  mutually  supplementary. 

The  experiments  described  above  for  steel  disks  were  repeated  with  disks  of  copper.  It  was  found  that 
there  is  a  sharp  difference  between  steel  and  copper  with  regard  to  sulfur,  whereas  phosphorus  is  bound  with 
approximately  the  same  intensity  by  copper  and  steel  disks.  The  binding  of  sulfur  increases  more  rapidly  on 
copper  than  on  steel  with  increase  of  temperature.  At  all  temperatures, more  sulfur  than  phosphorus  is  bound  by 
the  surfaces  of  the  copper  disks;  moreover,  the  amount  bound  is  considerably  greater  (by  several  orders  of  mag- 
nitude)than  on  steel.  These  results  show  that  the  nature  of  the  metal  has  a  significant  influence  on  the  condi¬ 
tions  of  interaction  between  it  and  organic  sulfur  and  phosphorus  compounds  in  hydrocarbon  solutions;  the  results 
given  above  for  steel  are  specific  and  characteristic  of  metal  of  a  given  composition  and  thermochemical  treat¬ 
ment.  At  the  same  time,  experiments  with  such  different  metals  as  copper  and  steel  show  that  many  metals  are 
effective  acceptors  not  only  of  sulfur  but  also  of  phosphorus  from  organic  thiophosphorus  compounds. 


SUMM  A  RY 

1.  The  lower  temperature  limit  of  interaction  between  oil  additives  and  metals  is  determined  by  the  start 
of  binding  of  sulfur  and  phosphorus  by  the  metal  surface.  This  definition  depends  on  the  sensitivity  of  the 
method. 

2.  The  activity  of  an  additive  toward  a  metal  may  increase  with  temperature  up  to  a  certain  limit.  This 
limit  corresponds  to  a  temperature  which  may  in  this  sense  be  regarded  as  the  upper  temperature  limit  of  additive 
serviceability  or  the  temperature  of  highest  activity  of  the  additive.  At  higher  temperatures  the  sulfur  and  phos¬ 
phorus  compounds  dissolved  in  the  oil  decompose  with  formation  of  compounds  less  active  toward  the  metal. 

3.  There  is  a  functional  demarcation  between  the  effects  of  the  different  active  principles  (sulfur  and 
phosphorus)  in  antiwear  additives  for  oils.  Phosphorus  in  organophosphorus  additives  prevents  seizing  by  raising 
considerably  the  load  values  at  which  seizing  occurs,  while  sulfur  in  organic  sulfur  compounds  has  an  especially 
prominent  effect  under  seizing  conditions,  making  them  considerably  milder  and  preventing  scoring,  which  is  not 
characteristic  of  phosphorus. 
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JOINT  POLYCONDENSATION  OF  P  H  E  N  OX  Y  A  C  E  T IC  ACID  AND 
p -CHLOROPHENOL  WITH  FORMALDEHYDE 

A.  A.  Vansheldt,  N,  N.  Kuznetsova,  and  Z.  I.  Kulikova 


In  order  to  raise  the  selectivity  of  carboxylic  cation  exchangers  based  on  phenoxyacetic  acid  (KFU  resins) 

[1]  for  large  organic  ions,  ion-exchange  resins  with  a  lowered  carboxyl  group  content  were  synthesized  by  joint 
polycondensation  of  phenoxyacetic  acid  and  formaldehyde  with  phenol  and  resorcinol. 

It  was  found  that  the  insoluble  condensation  products,  containing  bound  phenol  or  resorcinol  in  addition 
to  phenoxyacetic  acid,  do  indeed  have  higher  exchange  capacities  for  streptomycin  and  other  antibiotics  than 
KFU  resin. 

However,  the  joint  condensation  of  these  substances  (because  of  the  high  reactivity  of  phenol,  and  especially 
of  resorcinol)  resulted  in  a  violent  reaction,  so  that  the  process  was  difficult  to  carry  out  even  on  a  small  industrial 
scale. 


We  therefore  attempted  to  replace  these  compounds  by  the  less  reactive  p-chlorophenol  in  joint  condensa¬ 
tion  with  phenoxyacetic  acid  and  formaldehyde;  because  of  the  presence  of  a  halogen  atom  in  the  nucleus,  it 
might  also  be  easier  to  determine  the  composition  and  structure  of  the  polycondensation  products  and  also  possibly 
to  modify  their  sorptional  properties  in  the  desired  direction. 

It  is  known  that  p-chlorophenol  [2]  reacts  with  formaldehyde  in  an  acid  medium  with  formation  of  novolacs. 

The  resins  were  synthesized  from  phenoxyacetic  acid,  p-chlorophenol,  and  paraform  rather  than  formal¬ 
dehyde  solution,  as  p-chlorophenol  is  difficultly  soluble  in  water. 

It  was  found  that  p-chlorophenol  reacts  at  approximately  the  same  rate  as  phenoxyacetic  acid  with  para- 
form.  Thus,  when  a  mixture  consisting  of  1  mole  of  phenoxyacetic  acid  and  0.9  mole  of  formaldehyde  (as  para¬ 
form)  is  heated  in  presence  of  0. H2SO4,  about  80^o  of  the  formaldehyde  is  combined  within  25  minutes  after 
addition  of  the  formaldehyde,  while  after  55  minutes  the  formaldehyde  has  reacted  almost  completely. 

In  the  case  of  p-chlorophenol  about  77*70  of  the  formaldehyde  is  combined  in  25  minutes,  and  after  45 
minutes, formaldehyde  cannot  be  detected  in  the  reaction  mixture. 

For  joint  polycondensation  of  all  three  reagents  the  mixture  was  heated  at  lOO-lOS*  for  3  hours  in  presence 
of  1.5*70  sulfuric  acid  until  the  formaldehyde  was  completely  combined;  three  different  molar  proportions  :  2.0, 
1.0,  and  0.5,  were  used,  and  the  amount  of  formaldehyde  in  the  original  mixture  was  0.8  mole  per  mole  of 
phenol  derivatives  in  all  cases. 

Under  these  conditions, resins  were  obtained  in  95-96*70  yield;  after  unconverted  monomers  had  been  re¬ 
moved  and  the  resins  were  dried  they  were  hard  but  brittle  fusible  substances,  soluble  in  acetone,  ether,  alcohol, 
phenol,  and  aqueous  alkalies  (Table  1). 

It  follows  from  Table  1  that  the  melting  points  of  the  soluble  resins  vary  between  95  and  110*,  i.e. ,  in 
relatively  narrow  limits,  and  their  average  molecular  weight,  determined  cryoscopically,  is  between  620  and 
710.  Table  1  also  contains  the  results  of  elementary  analysis  of  the  resins,  their  COOH  group  contents,  and 
values  calculated  from  the  resin  yields  on  the  assumption  that  the  resins  were  formed  by  polycondensation  of 
formaldehyde  with  phenol  derivatives  analogously  to  phenol-formaldehyde  novolacs 
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(1) 


i.e. ,  with  liberation  of  equivalent  amounts  of  water  for  the  formaldehyde  and  phenols. 

It  Is  clear  from  Table  1  that  the  amounts  of  Cl,  COOH  groups,  C  and  H  found  and  calculated  were  similar 
for  each  of  the  resins. 

It  follows  that  the  components  reacted  In  the  proportions  in  which  they  were  present  in  the  original  mixtures. 
For  phenolic  components  (^)  of  different  compositions, Equation  (1)  can  be  written  in  the  following  general  form: 

nClIjO  +(«-!- 1)(D  nll20-}-(‘U  l-CVD,  <2) 


where  C  Is  carbon,  and  $  may  represent  phenoxyacetic  acid  (PA)  of  M  -  152,  or  chlorophenol  (CP)  of  M  =  128, 
or  mixtures  of  them  with  molecular  weights  of  136,  140,  or  144  for  CP:PA  ratios  of  2.0,  1.0  and  0,5  respectively. 


This  equation  shows  that  with  a  molar  CH,0  :  PA  ratio  of  0.8,  as  used  In  our  experiments,  the  average 

and  hence  n  =  4.  Their  molecular 


degree  of  polymerization  of  the  resins  should  be  4,  as  ^  - 


weights  can  be  calculated  from  the  polycondensate  formula  ($  +  12)(^4>  if  the  valuesof£  and  4>  are  known. 


Thus,  the  average  molecular  weights  of  our  resins  can  be  calculated  on  the  assumption  that  n  =  4  from  the 
average  molecular  weights  of  the  phenolic  components  of  the  original  mixtures,  which  are  136,  140,  and  144; 
we  then  find  from  Equation  (2)  that  the  calculated  molecular  weights  of  the  resins  formed  at  CP:PA  ratios  of  2, 

1,  and  0.5  are  728,  748,  and  768  respectively;  these  values  are  either  close  to  or  rather  higher  than  the  molecular 
weights  found  cryoscopically  in  phenol  (Table  1). 


In  addition,  the  soluble  resins  (I  and  II)  were  converted  into  their  acetates  by  treatment  with  acetic  acid 
in  pyridine  on  heating.  The  acetates  were  also  analyzed  completely.  The  calculated  data  were  found  on  the 
assumption  that  the  OH  groups  In  the  resins  were  completely  acetylated. 


Table  1  shows  that  the  experimental  and  calculated  values  were  in  good  agreement;  this  confirms  the 
hypothesis  that  the  OH  group  contents  of  the  original  resins  were  equivalent  to  the  chlorine  contents  found. 


TABLE  1 

Composition  and  Properties  of  Soluble  Resins  and  Their  Acetates,  Formed  by  Joint  Poly- 
condensation  of  Chlorophenol  (CP),  Phenoxyacetic  Acid  (PA),  and  Formaldehyde 


Conditions  and  analytical  data 

Polycondensates  | 

Acetates 

I 

II  1 

III 

■  1 

II 

Molar  CP  :  PA  ratio  in  original 

mixture  . 

2.0 

1.0 

0.5 

2.0 

1.0 

Melting  point  (*C) 

10:5—109 

1  no— 109 

94—101 

95—105 

l()4_l()9 

Average  weight  of  phenolic  unit  .  . 

i:56 

140 

144 

— 

— 

Molecular  weight 

found . 

70S 

620 

678 

calculated . 

728 

748 

768 

1 

Cl  (in  o/„) 

found . 

15.8 

11.5 

7.8 

13.80 

10.80 

calculated  . 

10.2 

11.8 

7.7 

13.60 

10.40 

coon  Jn  %): 

‘ 

found . 

10.1 

14.0 

19.6 

8.2 

11.7 

calculated . 

10.3 

150 

19.5 

8.6 

13.0 

C  (in%):  , 

found . •! 

(11.18 

02.70 

03.30 

61.15 

01.24 

1 

01.28 

02.9.3 

0.3.70 

60.82 

61.31 

calculated  . 

01.40 

02.45 

o:».50 

60.70 

01.80 

H  in  %):  , 

found . \ 

4.27 

4.58 

4.25 

4.78 

4.85 

1 

4.30 

4-50 

4.68 

4.59 

4.67 

calculated . 

4.10 

4.:<5 

4.45 

4..35 

4.40 
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The  soluble  resins  can  therefore  be  regarded  as  polymer  homologs  of  different  molecular  weights,  the 
molecules  of  which  consist  on  the  average  of  5  phenoxyacetic  acid  and  chlorophenol  residues  cross  linked  by 
means  of  CHj  bridges  at  the  aromatic  nuclei. 

Hardening  of  soluble  resins.  When  the  soluble  resins  are  heated  with  paraform  at  110"  in  presence  of  A°Jo 
sulfuric  acid  for  6-7  hours  they  greatly  increase  in  viscosity  but  still  remain  soluble.  On  further  heating  at  120- 
140*  the  resins  become  rubberlike,  and  then  hard  and  Insoluble  as  the  result  of  conversion  into  space  polymers. 

The  hardened  resins  (KFUKh),  after  crushing  and  removal  of  Insoluble  Impurities,  consisted  of  brown  grains 
of  satisfactory  mechanical  strength  which  swelled  in  aqueous  alkalies  and  had  the  properties  of  weakly  acidic 
ion  exchangers,  stable  to  the  action  of  acids  and  weak  alkali  solutions.  Their  exchange  capacity  was  about  3 
meq/ g,  or  about  one  half  of  the  capacity  of  the  previously  described  KFU  resins  made  from  phenoxyacetic  acid 
and  formaldehyde.  These  resins  (according  to  the  results  obtained  in  the  Physicochemical  Laboratory  of  the 
Institute  of  High-Molecular  Compounds  of  the  Academy  of  Sciences  USSR)  had  high  exchange  capacity  (close 
to  100*^)  with  respect  to  large  organic  Ions  (streptomycin,  collimycin,  and  other  antibiotics) 

Table  2  contains  data  on  certain  resin  samples  made  from  equimolecular  amounts  of  p -chlorophenol 
and  phenoxyacetic  acid,  but  hardened  with  different  amounts  of  paraform  (from  1.9  to  0.45  mole  CH2O  per 
mole  of  phenoxyacetic  acid). 


TABLE  2 

Characteristics  of  KFUKh  Resins  Hardened  with  Different  Amounts  of  Paraform 


Moles 

CH,0 
per  mole 
PA  taken 

Resin 

yield 

(%) 

Ksw  of 

Na  form 
in  water 

Capacity 
(meq/  g) 

Found  °]o 

Found  (moles  per 

100  g  resin) 

c 

H 

Cl 

OH 

coon 

n 

OH  I 

COOH 

1.9 

90 

2.5 

10.0 

4.9 

0.28 

0.29 

i.4 

93 

3.1 

2.9 

62.S 

5.5 

10.7 

5.0 

13.5 

0.30 

0.29 

0.29 

1.1 

85 

3.2 

— 

— 

— 

9.9 

4.7 

— 

— 

— 

— 

0.9 

85 

.3.6 

— 

— 

— 

10.6 

5.2 

— 

0.30 

0.30 

— 

0.05 

80 

3.8 

— 

— 

— 

10.9 

5.2 

— 

0.31 

0.30 

— 

0.55 

69 

4.5 

3.0 

62.5 

5.2 

10.7 

4.7 

13.5 

0.30 

0.28 

0.30 

0.45 

65 

14.0 

2.9 

62.2 

4.7 

10.9 

4.8 

13.2 

0.30 

0.28 

0.29 

Calculated 

3.2 

63.1 

4.3 

11.5 

5.6 

14.8 

TABLE  3 

Characteristics  of  Hardened  Resins  Made  with  Different  Proportions  of  Chlorophenol  and 
Phenoxyacetic  Acid. 


Resin  No. 

Molar  ratio! 
of  com-, 
ponents  in 
original  1 
mixture 

Moles  CH2Q/mole 
PA  +  CP  taken  for 

hardening 

i 

€ 

2 

tt) 

Ksw 

Na  form 

Exchange 

capacity 

(meq/g) 

Contents  (%) 

Molar  CP  :  PA 
ratio  in  polymer 

CP:  PA 

iiucleus 

in  water 

in  1  N 
NaOH 

found 

calcu¬ 

lated 

c 

H 

Cl 

OH 

COOH 

1 

2  :  1 

0.8 

2.0 

55 

2.2 

4.0 

2.6 

63.80 

,5.2 

1.3.4 

5.5 

11.7) 

— 

2.2 

61.40 

4.1 

16.2 

7.9 

I0.4J 

1..I  :  1 

II 

1:0 

0.8 

1.4 

93 

.3.1 

.3.3 

.3.0 

— 

62.85 

5.5 

10.7 

.5.0 

13.31 

— 

.3.3 

6.3.05 

4.3 

11.5 

5.6 

14.8f 

1  :  1 

III 

1  :  2 

0.8 

2.0 

95 

2.0 

2.0 

4.3 

— 

64.20 

4.8 

7.1 

.3.6 

19.31 

4.3 

64.00 

4.5 

7.7 

.3.6 

19..3I 

1  :  2.0 
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It  follows  from  Table  2  that  the  swelling  coefficient  of  the  resins  (in  1  N  NaOH  solution)  increases  from 
2.5  to  14  with  decrease  of  the  amount  of  paraform  added,  while  the  yield  and  mechanical  strength  decrease. 

A  particularly  large  increase  of  the  swelling  coefficient  (from  4.5  to  14)  and  decrease  of  mechanical  strength 
was  observed  on  decrease  of  the  amount  of  formaldehyde  from  0.55  to  0.45  mole  per  mole  of  phenoxyacetic 
acid.  With  regard  to  the  composition  of  the  hardened  resins,  Table  2  shows  that  their  chlorine,  hydroxyl,  and 
carboxyl  contents,  in  moles  per  100  g  of  resin,  changed  little  with  variations  in  their  degree  of  cross  linking,  and 
in  all  cases  these  groups  were  present  in  equimolecular  proportions,  i.e.,  the  resins  contained  phenoxyacetic  acid 
and  p-chlorophenol  residues  in  the  same  proportions  as  those  in  which  the  components  were  present  in  the  original 
mixture. 

However,  the  amounts  of  Cl,  OH,  and  COOH  groups  found  in  all  the  samples  were  somewhat  less  than  the 
amounts  calculated  on  the  assumption  that  the  hardened  resins  are  weakly  cross-linked  space  polymers,  close  in 
composition  to  linear  polymers  of  the  structure 


l-(CeH3-CH2)-(Gen,ClCI4-)ln 

I  I 

OGlIaCOOH  on 

We  also  prepared  insoluble  resins  with  other  proportions  of  chlorophenol  to  phenoxyacetic  acid.  Details 
are  given  in  Table  3,  which  gives  the  yields  and  degrees  of  swelling  of  the  resins  and  their  OH  and  COOH  group 
contents  in  relation  to  the  proportions  of  the  phenolic  components  in  the  original  mixture. 

Resins  II  and  III  were  obtained  in  good  yields;  the  yield  of  Resin  I,  made  with  excess  of  p-chlorophenol, 
was  55*70,  probably  because  the  bifunctional  p-chlorophenol,  which  cannot  give  rise  to  cross-linked  polymers, 
was  predominant  in  this  case. 

The  chlorine  and  OH  contents  found  show  that  the  composition  of  insoluble  Polymer  I  does  not  correspond 
to  the  composition  of  the  original  mixture,  as  the  polymer  has  a  much  lower  content  of  p-chlorophenol  units 
than  the  original  mixture  of  the  soluble  resin.  Thus,  it  follows  from  the  last  column  of  Table  3  that  Polymer  I 
contains  only  1.3  and  not  2  p-chlorophenol  units  per  phenoxyacetic  acid  unit.  The  probable  explanation  is  that 
the  original  polymer  is  heterogeneous  not  only  with  respect  to  molecular  weight  but  also  in  composition,  and 
when  it  hardens  only  the  components  containing  trifunctional  phenoxyacetic  acid  units  can  be  cross  linked, 
whereas  components  containing  few  or  no  phenoxyacetic  acid  units  are  not  involved  in  formation  of  the  cross- 
linked  polymer  and  are  removed  from  the  hardened  product  during  alkali  treatment.  This  probably  accounts 
for  the  low  yield  of  Resin  I  and  its  lower  chlorine  content. 

As  stated  earlier,  the  solution  viscosity  greatly  increases  during  the  hardening  process  immediately  before 
gelation  while  the  resin  remains  soluble,  evidently  owing  to  formation  of  linear  polymers  of  higher  molecular 
weight. 

It  was  therefore  of  interest  to  isolate  and  investigate  these  intermediate  hardening  products,  in  order  to 
obtain  some  idea  of  the  changes  in  the  composition  and  molecular  weight  of  the  soluble  resins  during  further 
interaction  with  formaldehyde. 

Data  are  presented  below  on  the  composition  and  molecular  weight  of  a  soluble  resin  formed  from  equi¬ 
molecular  amounts  of  chlorophenol  and  phenoxyacetic  acid,  and  isolated  during  hardening  immediately  before 
gelation. 

Molecular  weight  —1128,  m.  p.  165-170°. 

Contents (*70);  Cl-10.0,  COOH -13.5,  H-4.75. 

This  resin  hardly  differed  in  composition  from  insoluble  Resin  II  (Table  3),  but  was  soluble  in  aqueous 
alkalies,  phenol,  and  acetone.  However,  it  did  not  melt  but  merely  softened  at  165-170°.  Its  molecular 
weight  was  only  double  that  of  the  original  soluble  resin. 

Thus,  when  a  space  polymer  is  formed  from  a  linear  polymer,  the  molecules  first  grow  by  joining  with  each 
other  to  form  soluble  polymers  of  higher  molecular  weight, and  the  latter  are  converted  into  space  polymers  only 
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after  their  degree  of  polymerization  has  reached  6-7  ,  which  corresponds  to  about  7-8  aromatic  residues  in  the 
chains. 


EXPERIMENTAL 

Synthesis  and  hardening  of  soluble  resins.  One  mole  of  phenoxyacetic  acid  and  one  mole  of  p-chloro- 
phenol  were  heated  together  at  80“  until  a  clear  solution  was  formed;  to  this  0.05  mole  of  sulfuric  acid  (97-98*70) 
was  added  with  stirring,  followed  by  gradual  addition  of  1.6  mole  of  formaldehyde  (as  paraform)  in  such  a  manner 
that  the  temperature  in  the  flask  did  not  exceed  100°.  After  addition  of  the  paraform  the  reaction  was  continued 
at  100-105°  until  a  sample  of  the  resin  hardened  at  room  temperature. 

Unchanged  p-chlorophenol  and  formaldehyde  were  then  removed  from  the  resin  by  steam  distillation,  the 
resin  was  transferred  to  a  filter,  washed  with  distilled  water  to  remove  phenoxyacetic  acid  until  neutral  to  litmus, 
and  then  dried  under  vacuum  to  constant  weight.  The  yield  was  286  g  (96%  of  the  theoretical).  The  synthesis 
of  resins  with  different  proportions  of  p-chlorophenol  and  phenoxyacetic  acid  was  effected  similarly. 

For  preparation  of  the  insoluble  product,  after  the  end  of  the  reaction  the  resin  (in  the  same  flask)  was 
washed  three  times  with  equal  volumes  of  distilled  water  and  dried  at  a  bath  temperature  of  105-110°.  During 
the  drying  22.4  g  of  50%  sulfuric  acid  was  added.  The  drying  was  stopped  when  the  temperature  in  the  flask 
reached  110°.  After  this,42  g  of  paraform  was  added  in  the  form  of  a  fine  powder.  When  the  paraform  dissolved, 
the  resin  was  poured  out  onto  trays  of  -acid-resisting  stainless  steel  which  were  placed  in  an  oven  where  the  resin 
was  kept  first  at  110°  for  7  hours  and  then  at  120°  until  it  hardened  at  that  temperature.  The  resin  was  then  crushed 
to  a  grain  size  of  5-7  mm;  the  resin  was  subjected  to  further  hardening  in  granular  form  at  140°  for  2.5-3  hours 
until  the  required  swelling  coefficient  was  reached. 

The  hardened  product  was  crushed  down  to  1  mm  grain  size  and  treated  first  with  0.5  N  NaOH  solution 
to  remove  all  soluble  organic  impurities,  and  then  with  0.5  N  H2SO4  solution  to  convert  it  into  the  H  form;  it 
was  then  washed  with  water  until  the  wash  waters  were  neutral  to  Methyl  orange,  and  dried  to  the  air-dry  state 
at  50-60°.  The  yield  of  resin  was  150  g.  The  resin  in  the  H  form  consisted  of  brown  grains,  insoluble  in  alkalies 
and  organic  solvents,  with  an  exchange  capacity  of  3  meq/g  and  a  swelling  coefficient  of  3-4. 

To  obtain  the  resin  in  the  Na  form  it  was  covered  with  0.5  N  NaOH  solution,  left  for  12  hours,  and  washed 
with  distilled  water  to  a  negative  reaction  to  phenolphthalein  in  the  wash  waters. 

Determination  of  OH  and  COOH  groups  in  the  insoluble  products.  The  OH -group  content  was  determined 
by  our  modification  of  the  Verley  acetylation  method  [3]. 

0.5  g  of  resin  (grain  size  0.1-0.085  mm)  was  heated  in  a  Verley  flask  with  10  ml  of  acetylation  mixture, 
consisting  of  12  g  of  acetic  anhydride  and  88  g  of  pyridine  (free  from  moisture),  on  a  boiling  water  bath  for  4 
hours.  The  mixture  was  then  cooled  to  room  temperature  and  50  ml  of  distilled  water  was  added  to  decompose 
unchanged  acetic  anhydride.  On  the  following  day  the  resin  was  filtered  off.  20  ml  samples  of  the  filtrate  were 
titrated  with  0.2  N  NaOH  solution  in  presence  of  phenolphthalein.  A  blank  experiment  was  performed  at  the 
same  time. 

The  OH -group  contents  of  the  resins  were  calculated  from  the  formula: 

%  011=3  .(«  —  ^)  , 

q  •  10 

where  a  is  the  number  of  milliliters  of  0.2  N  NaOH  taken  in  the  blank  titration,  b  is  the  number  of  milliliters 
of  0.2  N  NaOH  taken  for  titration  of  the  filtrate  sample,  N  is  the  normality  of  the  solution,  and  q  is  the  weight 
of  resin  (in  g).  ~ 

After  the  filtration  the  resin  sample  on  the  filter  was  washed  with  water  to  a  negative  reaction  to  litmus 
in  the  wash  waters,  rinsed  into  a  flask  with  100  ml  of  acetone,  and  titrated  with  0.2  N  NaOH  solution  in  presence 
of  100  ml  of  0.5  N  sodium  acetate  solution: 


%  €0011=—-—^*^ 
<7  •  10 
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here  c  is  the  number  of  milliliters  of  NaOH  taken  for  titration  of  the  sample. 

On  the  other  hand,  the  COOH  group  may  be  determined  indirectly  if  the  resin  is  not  removed  by  filtration 
from  the  acetylation  mixture  decomposed  by  water.  In  this  case, both  the  free  acetic  acid  and  the  carboxyl 
groups  in  the  resin  are  titrated. 

From  the  chlorine  content  found,  the  number  of  milliliters  of  NaOH  equivalent  to  the  OH-group  content 
can  be  calculated. 

Then 

%  GOOH=  -n. 

q  •  10 

where  a  is  the  number  of  milliliters  of  NaOH  taken  in  the  blank  titration,  b  is  the  number  of  milliliters  of 
NaOH  taken  for  titration  of  the  sample,  and  c  is  the  number  of  milliliters  of  NaOH  equivalent  to  the  OH-group 
content. 

In  the  case  of  the  resin  made  from  equimolecular  amounts  of  phenoxyacetic  acid  and  p-chlorophenol  the 
volume  of  NaOH  taken  in  titration  of  different  samples  was  always  the  same  as  in  the  blank  titration.  This 
showed  that  the  resin  actually  contained  one  mole  of  phenoxyacetic  acid  per  mole  of  p-chlorophenol,  as  OH 
groups  are  determined  by  back  titration  and  COOH  groups  by  direct  titration. 

No  such  agreement  was  found  for  resins  made  from  p-chlorophenol  and  phenoxyacetic  acid  taken  in  other 
proportions. 

Determination  of  the  molecular  weights  of  soluble  resins.  The  molecular  weights  of  the  resins  were  de¬ 
termined  cryoscopically  in  phenol  (Table  4). 

Tests  of  the  alkali  resistance  of  resins.  The  resin  in  the  H  form  was  covered  with  5  times  its  own  volume 
of  1  N  NaOH  solution.  After  a  certain  time  tlie  solution  was  analyzed  for  chloride.  Chloride  was  not  detected 
even  after  the  resin  had  been  in  contact  with  the  alkaline  solution  for  a  month,  while  the  chlorine  content  of 
the  resin  was  close  to  that  found  before  the  alkali  ueatment.  The  swelling  coefficient  of  the  resin  (Na  and  H 
forms)  in  water  and  alkali  did  not  change;  this  shows  that  the  resin  is  not  broken  down  at  the  cross  links  by  alkali 
treatment. 

However,  the  alkali  solution  was  always  slightly  colored  during  treatment  of  the  resin,  even  if  0. 2-0.5  N 
solution  was  used. 

Preparation  of  acetates  of  soluble  resins.  Resin  I  or  II  (5  g)  was  dissolved  in  100  g  of  acetylation  mixture 
(consisting  of  88  g  pyridine  and  12  g  acetic  anhydride)  in  a  flask  under  reflux,  and  heated  on  a  boiling  water  bath 
for  2  hours.  The  contents  of  the  flask  were  then  poured  out  gradually  with  stirring  into  5*70  HCl  solution  con¬ 
taining  1.2  moles  of  HCl.  The  acetate  was  then  filtered  off,  washed  with  water  on  the  filter  to  a  negative  re¬ 
action  to  Methyl  orange  in  the  wash  waters,  and  dried  under  vacuum  to  constant  weight. 


TABLE  4 

Determinations  of  Molecular  Weight 


Weights  taken  | 

Resin 

phenol 

resin 

At  (“O 

M  (found) 

I 

j 

1.8320 

0.417 

017 

020 

2.84  .OO 

0.033 

II 

Sb.fib  1 

0.8204 

1.0722 

0.153 

0.333 

710 

770 

III 

42.34  ! 

O.C.fiOO 

0.107 

BTS 

B77 

Intermediate 
product  in  hard- 

1 

1 

1.3515 

0.343 

111!t.3 

1138.7 

enlng 

40.73 

0.8340 

0.133 

1 

1.5502 

0.243 
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SUMMARY 

1.  It  is  shown  that  joint  condensation  of  formaldehyde  with  phenoxyacetlc  acid  and  p-chlorophenol  in 
presence  of  sulfuric  acid  yields  resins,  which  are  either  soluble  or  insoluble  in  aqueous  alkalies  and  organic 
solvents  according  to  tlie  amount  of  aldehyde  taken  and  the  reaction  conditions,  and  which  contain  residues  of 
all  the  original  reagents  in  their  chains. 

2.  Soluble  resins  formed  in  presence  of  0.8  molecule  of  CH2O  per  aromatic  nucleus  were  low-melting 
polymers  of  the  phenol— formaldehyde  novolac  type  of  molecular  weight  600-700,  and  with  different  proportions 
of  phenoxyacetic  acid  and  p-chlorophenol  residues  in  the  chain,  dependent  on  the  composition  of  the  original 
mixture. 

3.  When  the  soluble  resins  were  heated  with  paraform  in  presence  of  sulfuric  acid,  the  viscosity  of  the 
reaction  mixture  increased  owing  to  the  formation  of  soluble  polymers  of  higher  molecular  weight  (M  =  1100>, 
this  was  followed  by  gelation  and  formation  of  infusible  and  insoluble  space  polymers  as  the  result  of  cross  linking 
of  the  resin  at  the  phenoxyacetic  acid  residues  by  the  action  of  formaldehyde. 

4.  The  insoluble  resins  were  mechanically  strong,  capable  of  limited  swelling  within  wide  limits  (de¬ 
pendent  on  the  amount  of  formaldehyde  taken  for  hardening),  and  could  take  up  metal  cations  and  antibiotics 
from  aqueous  solutions. 

5.  The  exchange  capacity  of  these  weakly  acidic  ion  exchangers  varied  from  2  to  4  meq/ g,  in  accordance 
with  the  relative  contents  of  phenoxyacetic  acid  and  p-chlorophenol;  a  resin  with  an  exchange  capacity  of  3 
meq/  g  (KFUKh),  made  from  phenoxyacetic  acid  and  p-chlorophenol  in  equimolecular  proportions,  had  very 
high  selectivity  for  streptomycin  and  other  antibiotics. 
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CATALYTIC  CONDENSATION  OF  COMPRESSED  ACETYLENE  WITH 
AROMATIC  AMINES  IN  THE  LIQUID  PHASE 

N.  S.  Kozlov  and  S.  Ya.  Chumakov 
The  Perm*  Agricultural  Institute 


Favorskii  and  Shostakovskii  [1]  have  shown  that  compressed  acetylene  may  be  used  for  synthesis  of  vinyl 
ethers.  The  conditions  for  safety  with  the  use  of  acetylene  under  pressure  in  an  autoclave  were  found  in  their 
investigations.  In  a  number  of  publications, the  use  of  compressed  acetylene  is  recommended  for  various  organic 
syntheses,  such  as  the  reactions  of  acetylene  with  aldehydes,  ketones  [2],  alcohols,  and  acids  [3]. 

In  the  present  investigation, the  reactions  of  compressed  acetylene  with  primary  aromatic  amines  were 
studied  for  the  first  time.  It  had  been  shown  by  one  of  us  earlier  [4]  that  in  presence  of  copper,  mercury,  or 
silver  salts  acetylene  reacts  with  primary  aromatic  amines.  In  the  present  investigation  all  three  variants  of 
this  reaction  were  studied,  namely:  l)condeiisation  of  acetylene  with  primary  aromatic  amines,  when  the  end 
products  are  quinaldine  and  its  derivatives;  2)  condensation  of  acetylene  with  a  mixture  of  an  aromatic  amine 
and  acetone,  when  the  end  products  are  2,4-dimethylquinoline  and  its  homologs;  and  3)  condensation  of 
acetylene  with  a  mixture  of  a  primary  aromatic  amine  and  an  aromatic  aldehyde,  when  ot-phenylquinoline 
or  its  homologs  are  formed.  The  catalysts  used  were  cuprous  chloride,  mercuric  chloride,  copper  acetylide, 
and  mercury  salts  of  organic  acids. 

Among  the  serious  disadvantages  in  our  earlier  work  [5]  was  the  long  time  required  for  complete  satura¬ 
tion  of  the  reaction  mass  with  acetylene.  In  some  instances  about  30  hours  was  needed. 

With  the  use  of  compressed  acetylene  we  were  able  to  shorten  the  saturation  time  to  2-3  hours.  It  was 
also  found  that  under  these  new  reaction  conditions  the  end  products  were  considerably  influenced  by  the 
specific  effects  of  copper  and  mercury  catalysts.  If  the  reaction  between  compressed  acetylene  and  aromatic 
amines  is  effected  in  presence  of  mercuric  chloride  or  the  mercury  salts  of  acetic,  propionic,  or  butyric  acids, 
the  principal  reaction  products  are  ethylideneamine  bases,  and  the  end  products  are  quinaldine  and  its  homologs. 
If  the  reaction  is  effected  in  presence  of  cuprous  chloride  or  copper  acetylide,  a  resinous  substance  is  formed; 
distillation  of  this,  in  the  reaction  with  aniline  for  example,  yields  quinaldine  and  an  appreciable  amount  of 
indole.  We  consider  that  the  reaction  proceeds  in  two  directions  simultaneously.  First,  the  reaction  of  aniline 
with  acetylene  yields  ethylideneaniline,  which  is  then  converted  into  quinaldine. 
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Second,  aniline  and  acetylene  yield  vinylaniline,  which  polymerizes  to  polyvinylanlllne;  Indole  Is  formed 
by  the  action  of  heat  on  the  latter. 


In  relation  to  this,  we  developed  a  new  variant  of  Indole  synthesis. 
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EXPERIMENTA  L 

Method.  Weighed  quantities  of  primary  aromatic  amine  and  catalyst  were  put  In  an  autoclave  0,75  liter 
In  capacity.  Acetylene  was  blown  through  the  autoclave,  and  the  latter  was  then  connected  to  an  acetylene 
cylinder  by  means  of  a  flexible  steel  tube  and  filled  with  acetylene  at  10-12  atmos  pressure;  it  was  then  shaken 
mechanically  at  room  temperature  or  after  being  warmed  to  not  over  30".  Absorption  of  acetylene  was  Indicated 
by  the  fall  of  pressure  In  the  autoclave.  Fresh  portions  of  acetylene  were  Introduced  Into  the  autoclave  at  Inver- 
vals,  and  the  reaction  was  terminated  when  the  acetylene  pressure  in  the  autoclave  ceased  to  drop.  In  all  the 
experiments,  saturation  of  the  reaction  mass  with  acetylene  was  complete  in  2-3  hours. 

The  reaction  products  were  treated  by  one  of  two  methods:  1)  the  reaction  mass  was  transferred  to  a  Wurtz 
flask  together  with  the  catalyst,  and  distilled;  2)  the  product  was  separated  from  the  catalyst  be  means  of  a 
solvent,  and  the  residue  was  distilled  after  evaporation  of  the  solvent.  Ouinollne  bases  were  isolated  by  one  of 
two  methods  from  the  reaction  products,  which  were  obtained  in  the  form  of  fractions  of  wide  boiling  ranges: 

1)  the  fraction  was  diazotized,  and  the  quinoline  bases  were  isolated  by  the  usual  methods;  2)  the  reaction 
product  was  dissolved  In  lO^o  hydrochloric  acid  and  treated  with  potassium  ferrocyanide;  the  quinoline  bases 
were  precipitated  as  complex  salts.  Isolated  by  the  action  of  alkali,  and  extracted  in  ether. 

Experiment  No.  1.  The  autoclave  was  charged  with  60  g  of  aniline  and  5  g  of  mercuric  chloride,  and 
acetylene  was  pumped  in  under  10-12  atmos  pressure.  Rapid  ab.sorptIon  of  acetylene  commenced  after  the  auto¬ 
clave  had  been  heated  by  steam  to  25-30"  with  shaking.  The  saturation  was  complete  after  2.5  hours.  Distilla¬ 
tion  of  the  reaction  products  gave:  1st  fraction,  to  190",  21  g;  2nd  fraction,  190-260",  30  g;  residue,  4  g.  Th- 
1st  fraction  consisted  of  aniline  with  a  small  admixture  of  quinaldine.  From  the  2nd  fraction, 14  g  of  quinaldine 
was  Isolated,  b.p.  245-248"  ,  d4^  =  1.056,  n/**  =  1.611.  From  it  the  picrate  of  m.p.  191"  and  quinophthalone 

of  m.p.  232-233’  were  prepared.  The  2nd  fraction  contained  only  small  amounts  of  secondary  amines.  It  was 
found  in  special  experiments  that  It  contained  about  15<7o  aniline.  The  quinaldine  yield  was  18. 2*70  on  the  aniline 
taken,  or  51.3*70  on  the  converted  aniline.  If  the  aniline  present  In  the  2nd  fraction  is  taken  into  account,  the 
yield  of  quinaldine  becomes  considerably  higher. 

In  an  experiment  with  50  g  of  aniline  and  10  g  of  mercuric  chloride ,50  ml  of  benzene  had  to  be  added  as 
solvent,  as  the  reaction  mass  lost  its  fluidity.  Rapid  absorption  of  acetylene  began  when  the  autoclave  was 
shaken,  without  preliminary  heating.  As  in  the  preceding  experiment,  the  reaction  mass  absorbed  16  g  of 
acetylene.  This  experiment  yielded  16  g  of  quinaldine,  and  19  g  of  aniline  was  recovered.  The  quinaldine 
yield  was  20.8*70  00  the  aniline  taken,  or  33.4*7oon  tlie  converted  aniline. 

Experiment  No.  2.  For  this  experiment, 50  g  of  aniline  and  6  g  of  finely  divided  cuprous  chloride  was 
taken.  Tlie  reaction  mass  absorbed  14  g  of  acetylene  in  2.6  hours.  The  reaction  products  yielded  19  g  of  un¬ 
changed  aniline  and  14  g  of  quinaldine,  which  is  18.  2*7oon  the  aniline  taken  or  29  4*70  00  the  converted  aniline. 

When  the  190-270"  fraction,  obtained  in  a  yield  of  31  g,  was  treated  with  10*7o  hydrochloric  acid  solution, 
7.5  g  of  a  substance  insoluble  in  the  acid  was  obtained.  This  substance  was  extracted  in  ether,  dried,  and  dis¬ 
tilled  after  evaporation  of  the  ether.  The  following  products  were  obtained:  1st  fraction,  230-245",  3  g;  2nd 
fraction, 245 -260",  3.6  g;  residue,  1.0  g.  Redistillation  of  the  1st  and  2nd  fractions  yielded  1.5  g  of  a  substance 
with  b.p. 250-254".  On  standing,  this  crystallized  (m.p. 51 -52")  and  gave  a  positive  color  test  for  indole;  it  gave 
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a  red  picrate  of  m.p.  184-185®  and  an  acetyl  derivative  of  m.p.  182®.  It  was  found  by  means  of  the  nictate 
reaction  and  by  treatment  of  an  ether  solution  of  the  1st  and  2nd  fractions  with  NaHS03  solution  that  it  con¬ 
tained  up  to  SO^of  indole  in  some  experiments.  The  indole  yield  was  5.15%  on  the  aniline  taken,  or  8.4% 
on  the  converted  aniline. 

The  results  were  very  similar  if  10  rather  than  5  g  of  cuprous  chloride  catalyst  was  taken.  Absorption  of 
acetylene  by  the  reaction  mass  was  complete  after  1.5-2  hours.  The  quinaldine  yield  was  21.4% on  the  aniline 
taken,  or  35.4%  on  the  converted  aniline,  and  the  indole  yield  was  5  or  7.5%  respectively. 

Experiment  No.3.  The  reaction  mass  consisted  of  50  g  of  aniline  and  3  g  of  copper  acetylide.  The 
saturation  was  continued  for  3  hours,  during  which  time  the  reaction  mass  absorbed  13  g  of  acetylene.  Treatment 
of  the  reaction  products  yielded  16  g  of  unchanged  aniline  and  35  g  of  a  fraction  boiling  in  the  190-260®  range. 
From  this, 18  g  of  quinaldine  and  2  g  of  indole  was  isolated.  The  quinaldine  yield  was  23.4%  on  the  aniline 
taken,  or  36.4%  on  the  converted  aniline. 

Experiment  No. 4.  A  mixture  of  25  g  of  p-toluidine,  50  ml  of  alcohol,  and  5  g  of  copper  acetylide  ab¬ 
sorbed  7  g  of  acetylene  in  2  hours.  Treatment  of  the  reaction  products  yielded  10  g  of  p-toluidine  and  8  g  of 
dimethylquinoline;  the  substance  of  m.p.  58-60®  gave  a  picrate  of  m.p.  186®.  The  yield  of  2,6-dimethyl- 
quinoline  was  21.7%  on  the  p-toluidine  taken,  or  36.4% on  the  converted  p-toluidine.  In  addition,  2  g  of  a 
neutral  substance  of  b.p.  240-270®  was  obtained;  this  gave  a  color  test  for  indole,  but  was  not  studied  in  detail. 

At  the  same  time  and  under  the  same  conditions  a  series  of  experiments  was  carried  out  on  the  condensation 
of  aromatic  amines  with  compressed  acetylene  in  presence  of  mercury  salts  of  organic  acids  [5].  In  an  experi¬ 
ment  with  50  g  of  aniline  and  15  g  of  mercuric  acetate, 22  g  of  a  substance  of  m.p.  126-127®  was  isolated  from 
the  resinous  reaction  product.  This  substance  is  the  Eckstein— Eibner  base,  and  is  converted  into  quinaldine  when 
heated.  Kjeldahl  determination  of  nitrogen  in  the  substance  of  m.p.  126-127®  gave  11.87%  and  12.04%  nitrogen; 
the  calculated  value  for  ethylideneaniline  base  is  11.76%. 

Ill  an  experiment  with  30  g  of  p-toluidine,  30  ml  of  alcohol,  and  15  g  of  mercuric  acetate  the  reaction 
product  yielded  11  g  of  substance  with  m.p.  115-117®;  when  this  was  heated,  the  formation  of  2,6 -dimethylquino¬ 
line  was  detected.  Kjeldahl  determination  of  nitrogen  in  the  substance  of  m.p, 115 -117®  gave  10.7  and  10.66% 
nitrogen;  the  calculated  value  for  a-8-di-p-toluino-a-butylene  is  10.53%.  Similar  results  are  obtained  if  mer¬ 
curic  propionate  or  butyrate  is  used  instead  of  the  acetate. 

Experiment  No. 5.  A  reaction  mass  consisting  of  50  g  of  aniline,  50  ml  of  acetone,  and  10  g  of  mercuric 
chloride  was  saturated  for  3  hours  with  acetylene  under  10-12  atmos  pressure.  After  evaporation  of  the  un¬ 
changed  acetone  on  the  water  bath, the  reaction  product  was  treated  as  in  the  preceding  experiments.  20  g  of 
unchanged  aniline  was  recovered,  and  27  g  of  a  190-300®  fraction  was  obtained.  The  reaction  product  yielded 
5  g  of  quinaldine  and  6  g  of  a  substance  of  b.p.  262-264®,  which  formed  a  picrate  of  m.p. 191 -192®,  =  1.050, 

=  1.5990.  These  constants  correspond  to  published  data  for  2,4-methylquinoline  [6a].  Similar  results  were 
obtained  when  cuprous  chloride  was  used  as  catalyst  instead  of  mercuric  chloride. 

Experiment  No.  6.  A  reaction  mass  consisting  of  50  g  of  p-toluidine,  50  ml  of  acetone,  and  10  g  of  cuprous 
chloride  was  saturated  with  acetylene  in  the  autoclave.  Distillation  of  the  reaction  products  gave:  1st  fraction, 
up  to  205®,  14  g;  2nd  fraction,  205-250®,  18  g;  3rd  fraction,  250-300®,  25  g.  Treatment  of  the  2nd  and  3rd  frac¬ 
tions  yielded  6  g  of  2,6 -dimethylquinoline  and  10  g  of  2,4,6 -trimethylquinoline  of  m.p.39-40®;  the  picrate  melted 
at  201®. 

Experiment  No.  7.  A  reaction  mass  consisting  of  25  g  of  aniline,  50  ml  of  alcohol,  15  g  of  benzaldehyde, 
and  5  g  of  cuprous  chloride  was  saturated  with  acetylene  in  the  autoclave.  Distillation  of  the  reaction  product 
yielded  15  g  of  a  fraction  boiling  in  the  250-350“  range  which  crystallized  completely.  Recrystallization  from 
alcohol  gave  11  g  of  substance  of  m.p.  82-83®,  which  formed  a  picrate  of  m.p.  191-192®.  The  constants  of  this 
substance  agree  with  data  for  ct-phenylquinoline  [6b].  The  formation  of  some  quinaldine  was  also  detected. 

Experiment  No.8.  A  mixture  of  24  g  of  p-toluidine,  15  g  of  benzaldehyde,  50  ml  of  alcohol,  and  7  g  of 
cuprous  chloride  was  treated  with  acetylene  in  the  usual  manner  to  give  7  g  of  substance  with  m.p.  68®,  which 
formed  a  picrate  of  m.p.  207®.  The  constants  of  this  substance  corresponded  to  literature  data  for  6 -methyl - 
phenylquinoline  [6b]. 

SUMMARY 

The  catalytic  condensation  of  primary  aromatic  amines  and  mixtures  of  primary  aromatic  amines  with 
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acetone  or  benzaldehyde  with  compressed  acetylene  in  an  autoclave  was  studied.  Mercuric  chloride,  cuprous 
chloride,  and  copper  acetylide  were  tested  as  catalysts.  The  intermediate  reaction  products  were  ethylidene- 
amine  bases,  and  the  end  products  were  the  corresponding  quinoline  bases- quinaldine  and  its  homologs,  anda- 
phenylquinoline  and  its  homologs;  in  presence  of  copper  catalysts  indole  was  formed— a  fact  first  observed  by  us 
in  these  reactions. 
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BRIEF  COMMUNICATIONS 


STUDIES  OF  THE  TEMPERING  OF  PORCELAIN 
A.  I.  Avgustinik  and  V.  M.  Loginov* 

We  reported  earlier  that  when  porcelain  insulators  are  fired  by  a  high-speed  procedure  (12-14  hours  in¬ 
clusive  of  cooling)  their  mechanical  strength  is  increased  by  as  much  as  GO-SO^o  in  some  instances  [1],  It  was 
found  that  the  strength  of  the  insulators  increases  if  they  are  cooled  inftie  900-600"  range  at  a  rate  of  300-400*/ 
hour. 


The  increase  in  the  strength  of  porcelain  during  rapid  cooling  is  attributed  by  some  workers  to  the  residual 
stresses  which  arise  in  the  transition  of  the  vitreous  phase  in  porcelain  from  the  plastic  into  the  elastic  state  [2-4]. 
This  question  has  been  discussed  theoretically  [5,6]  and  has  been  verified  in  the  qualitative  respect  [4]. 

Certain  patents  [7]  relate  to  the  use  of  heat  treatment  tempering  for  increasing  the  strength  of  ceramics. 

The  purpose  of  the  present  investigation  was  to  determine  the  causes  of  the  increase  of  strength  of  porcelain 
insulators  as  the  result  of  rapid  cooling.  The  influence  of  rapid  cooling  was  tested  in  two  ways:  with  specimens 
(rods  12  and  22  mm  in  diameter  and  80  mm  long  for  bend  tests,  and  disks  80  mm  in  diameter,  with  pits,  for 
puncture  tests),  previously  fired  at  1320"  in  the  "Proletarii"  factory  kiln,  then  heated  in  a  Silit  furnace  and  cooled 
rapidly;  and  with  specimens  (rods  10  mm  in  diameter  and  80  mm  long  for  static  and  dynamic  bend  tests,  25  •  25 
mm  cylinders  for  compressive  tests)  which  were  fired  in  a  Silit  furnace  at  1330"  and  then  either  cooled -slowly 
(during  5  hours)  in  the  same  furnace,  or  removed  from  the  furnace  and  toughened  by  rapid  cooling  in  a  current 
of  air  at  20"  (air  velocity  10  m/second).  In  the  second  firing  procedure  the  heating-up  time  was  3  hours  and 
exposure  at  constant  temperature  either  lasted  2,  4,  or  6  hours,  or  did  not  take  place  at  all;  a  reducing  atmosphere 
in  the  furnace  was  created  by  combustion  of  kerosene,  and  the  medium  had  the  following  composition:  CO  6%, 

CO2  7%,  and  O2  from  0.8  to  l^o.  * 

Porcelain  body  from  the  "Proletarii"  insulator  factory  was  used  for  the  first  series  of  experiments.  The 
fired  specimens  were  heated  in  a  Silit  furnace  and  exposed  at  various  temperatures  for  0.1,  1,  and  2  hours,  and 
then  either  cooled  rapidly  in  a  current  of  air  at  20"  (air  velocity  5  or  10  meters/ second)  or  allowed  to  cool 
naturally  in  air. 

For  the  second  series  of  experiments  mixes  were  prepared  in  accordance  with  the  "Proletarii"  and  Lomonosov 
factory  formulations  by  joint  wet  grinding  of  the  stone  and  clay  materials  in  a  ball  mill.  The  phase  composition 
of  the  porcelain  in  the  second  series  of  experiments  was  studied  by  means  of  x-ray  ionization  analysis  with  the 
use  of  comparison  standards  made  from  quartz,  cristobalite,  mullite,  and  the  vitreous  phase.  *  Changes  in  the 
coefficient  of  linear  expansion  of  the  porcelain  in  the  560-590"  range  were  also  determined. 

The  results  of  static -bending  tests  on  specimens  of  the  first  series  are  given  in  Fig.  1  and  2;  the  results  of 
static  and  dynamic  bending  tests  and  compressive  tests  on  specimens  of  the  second  series  are  given  in  Fig.  3. 

Each  result  of  the  mechanical  strength  and  electrical  breakdown  tests  represents  the  average  value  for  8-10 
determinations. 

The  results  of  phase  analysis  are  presented  in  Table  1. 

’Student  R.  N.  Suvorova  assisted  in  the  work. 

•  *The  investigation  was  performed  in  the  x-ray  unit  of  the  State  for  Planning  and  Research  in  the  Cement 
Industry,  under  the  guidance  of  P.  F.  Konovalov. 
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Fig.  1.  Effects  of  heating  temperature, 
exposure  time,  and  air-feed  rate  on  the 
bending  strength  of  previously-fired 
porcelain  specimens  12  mm  in  diameter: 
A)  bending  strength  (kg/  cm^),  B)  tem¬ 
perature  Ccy,  exposure  time  (hours)and 
feed  rate  (m/  second)  respectively:  1) 
0.1,  10;  2)  0.1,  5;  3)  1,  10;  4)  2,  10;  5) 
2,  5;  6)  strength  before 
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Fig.  3.  Variations  of  mechanical  strength 
of  porcelains  from  the  "Proletarii"  (1)  and 
Lomonosov  (2)  factories  at  different  cooling 
rates  in  relation  to  the  time  of  exposure  at 
1300“:  A)  bending  strength  (kg/ cm^),  B) 
impact  bend  strength  (kg-m),  C)  compress¬ 
ive  strength  (tons/  cm*),  D)  exposure  at 
maximum  temperature  (hours);  continuous 
curves  refer  to  samples  cooled  during  5  hours, 
broken  curves  to  samples  cooled  in  an  air 
stream  at  10  meters/  second;  the  lowest 
diagram  relates  to  compressive -strength  tests 
on  specimens  cooled  in  stationary  air  (upper 
curve). 
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Fig. 2.  Effects  of  heating  temperature 
and  cooling  rate  on  the  bending  strength 
of  previously -fired  porcelain  specimens 
22  mm  in  diameter:  A)  bending  strength 
(kg/ cm*),  B)  temperature  (“C);air  feed 
rate  (m/ second):  1)  5;  2)  10;  3)  cooled 
in  stationary  air;  exposure  time  2  hours 
at  each  tempering. 

Fig.  1  shows  that  the  highest  strength  was  obtained 
when  previously-fired  specimens  were  heated  to  1100’ 
with  a  very  short  exposure  (0.1  hour)at  that  temperature, 
and  then  cooled  rapidly  in  a  current  of  air  (at  10  m/ 
second).  For  rods  12  mm  in  diameter  the  strength  was 
50*^  greater  than  that  of  specimens  cooled  slowly  in 
the  usual  manner.  For  rods  22  mm  in  diameter  heated 
to  1200’  and  cooled  in  a  current  of  air  (5  m/ second), 
the  strength  increase  was  40®/o  (Fig,  2). 

To  test  the  effect  of  rapid  cooling  on  the  electric¬ 
al  strength  of  porcelain,  previously  fired  disks  were 
heated  to  1100  and  1200’,  held  at  those  temperatures 
for  2  hoirs  in  the  furnace,  and  cooled  rapidly  in  a 
current  of  air  (at  5  m/ second).  The  specimens  cracked 
if  the  air  velocity  was  10  m/ second.  The  electrical 
strength  was  27.7  and  27.2  kv/mm,  as  compared  with 
27.6  kv/mm  before  the  heat  treatment,  i.e. ,  it  was 
unaffected  by  the  treatment. 

Analogous  results  were  obtained  in  tests  on 
specimens  of  the  second  series;  the  mechanical  strength 
in  static  and  dynamic  bending  and  in  compression  was 
15-30%  higher  when  the  specimens  were  cooled  rapidly 
in  a  current  of  air  at  10  m/ second.  The  specimens 
used  for  compressive  tests  were  cooled  in  stationary  air. 

This  considerable  increase  of  the  mechanical 
strength  of  porcelain  as  the  result  of  rapid  cooling 
(from  temperatures  above  700’ )  can  be  described  as 
tempering. 

It  may  be  assumed  that  the  increase  of  the  strength 
of  porcelain  during  tempering  is  the  consequence  of 
stresses  in  it.  The  nature  of  these  stresses  and  the  course 
of  their  development  present  a  complex  problem,  as  is 
shown  by  the  fact  that,  according  to  the  data  in  Table  1, 
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the  porcelain  samples  differed  In  phase  composition  whereas  their  strength  characteristics  were  almost  the  same. 

It  was  assumed  that  the  stress  field  was  nonuniform  over  the  specimen  cross  section. 

To  test  this  assumption,  all  the  side  faces  of  both  tempered  and  untempered  specimens  (prisms  20  •  18  mm 
In  cross  section)  were  ground  down  to  12  •  10  mm,  while  the  length  remained  unchanged  (80  mm).  The  specimens 
were  previously  fired  In  the  works  kiln  at  1320*.  To  temper  the  specimens  they  were  heated  to  1200*,  removed 
from  the  furnace,  and  cooled  In  a  current  of  air  (5  m/second).  The  test  results  are  given  In  Table  2.  It  is  clear 
from  these  results  that  the  untempered  specimens  and  tempered  specimens  with  their  sides  ground  down  are  equal 
In  strength,  whereas  the  strength  Is  about  38*70  higher  for  tempered  specimens  with  their  external  surfaces  Intact. 

It  follows  that  Increase  of  the  strength  of  porcelain  In  these  tempering  experiments  may  be  attributed  to  stresses 
which  develop  In  the  surface  layers  of  the  specimens. 


TABLE  1 

Phase  Composition  of  Porcelain  from  the  "Proletarll"  and  Lomonosov  Factories  after 
Firing  at  1330*  In  a  Slllt  Furnace 


Porcelain 

Length  of 

exposure 
at  1330* 
(hours) 

Phase  compwition  from 

x-ray  data  (*7)) 

Quartz  con¬ 
tent,  from 
change  of 
cpeft.  of 
linear  ex¬ 
pansion  (‘7>) 

total 

porosity 

mullite, 
from 
2.546  A 
line 

quartz, 
from  1.82 
A  line 

cristo- 

ballte, 

frorn 

4.04  A 
line 

( 

0 

12.7 

15.5 

Traces 

16.5 

13.1 

•’Proletarll”  fac-  J 

2 

15.4 

10.4 

— 

6.6 

14.25 

5.0 

5.0 

10.5 

lory  1 

li 

12.0 

3.4 

— 

13.43 

( 

n 

17.2 

21.3 

* 

22.25 

14.4 

Lomonosov  fac-  | 

22.5 

14.9 

— 

5.9 

22.7 

11.6 

— 

4.26 

lory  j 

H 

25.0 

10.7 

10.1 

5.47 

TABLE  2 

Results  of  Bending  Tests  on  Specimens  of  Rectangular  Section 


Specimens 

Number  of 
specimens 
tested 

Range  of 
strength 
variations 
(kg/ cm*) 

Average 

strength 

(kg/cm* 

Not  tempered,  20  x  18  mm 

H 

650—690 

677 

Tempered,  20  X  18  mm 

S 

850—1000 

935 

Not  tempered,  sides  ground  down. 

440—617 

12  X  10  mm 

5 

555 

Tempered,  sides  ground  down, 

512-623 

554 

12  X  10  mm 

5 

SUMMARY 

1.  When  porcelain  specimens  in  the  form  of  rods  12  and  22  mm  In  diameter,  and  of  prisms  20  *  18  mm  in 
cross  section,  and  80mm  long  are  cooled  rapidly  at  temperatures  above  700*  In  a  current  of  air  at  room  tem¬ 
perature  passed  at  a  rate  of  5-10  m / second , their  mechanical  strength  Is  increased  by  40-50*^. 

2.  The  Increase  of  mechanical  strength  is  caused  by  the  development  of  stresses  in  the  surface  layers; 
this  effect  may  be  described  as  tempering  and  can  be  used  for  Improving  the  service  characteristics  of  ceramic 
objects  [  1]. 

3.  The  electrical  strength  of  porcelain  is  not  diminished  by  tempering. 
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POSSIBLE  USE  OF  THE  PGF-2  GAS  ANALYSIS  APPARATUS  AS  A 
UNIVERSAL  INSTRUMENT  FOR  RAPID  ESTIMATION  OF  THE  EX¬ 
PLOSION  HAZARDS  OF  VARIOUS  V  A  P  OR-G  A  S- A  IR  MEDIA 

A.  N.  Baratov 

Central  Scientific  Research  Institute  of  Fire  Prevention 


For  safety  under  conditions  in  which  inflammable  gases  or  vapors  may  accumulate,  it  is  necessary  to  ensiae 
that  their  concentration  in  the  air  does  not  reach  the  lower  explosibility  limit.  However,  no  universal  ap¬ 
paratus  is  as  yet  available  for  estimation  of  the  explosion  hazards  of  the  atmosphere  in  any  building  or  space 
with  adequate  reliability  and  speed. 

All  instruments  used  for  determination  of  the  explosibility  of  gas— vapor— air  media  are  essentially  gas 
analysis  instruments  for  determination  of  combustible  gases  and  vapors  in  air.  The  explosion  hazard  is  estimated 
by  comparison  of  the  concentrations  found  with  literature  data  on  the  explosibility  concentration  limits. 

The  use  of  such  instruments  has  the  following  serious  disadvantages;  1)  their  applicability  is  restricted 
to  the  substances  for  which  they  are  calibrated;  2)  they  cannot  be  used  for  direct  determination  of  explosibility, 
as  it  is  first  necessary  to  know  the  lower  explosibility  limits  for  the  media  in  question;  3)  the  probability  of 
error  in  estimation  of  explosibility  is  fairly  high  because  of  the  great  discrepancies  between  the  limits  cited 
by  different  authors;  4)  determinations  of  explosion  hazards  are  not  reliable  because  the  a  ctual  estimation  is 
performed  some  time  after  sampling;  5)  it  is  virtually  impossible  to  use  such  instruments  with  a  number  of 
substances  (high -boiling  liquids  of  complex  fractional  composition)  both  because  of  difficulties  in  calibration 
and  because  of  lack  of  data  on  the  explosibility  limits  of  such  substances;  6)  these  Instruments  are  not  of 
universal  applicability  —  it  Is  essential  to  know  what  substance  is  present  In  the  air,  and  to  select  an  appro¬ 
priately  calibrated  gas-analysis  apparatus. 

The  PGF  gas-analysis  apparatus  Is  the  one  most  commonly  used  for  determinations  of  the  explosibility 
of  industrial  atmospheres.  The  basis  of  the  apparatus  is  a  wheatstone  bridge,  two  arms  of  which  are  platinum 
spirals,  contained  in  the  measurement  and  the  comparison  chamber  respectively,  and  the  other  two  arms  are 
constant  resistances.  The  gas  to  be  tested  is  collected  in  the  measuring  chamber  by  means  of  a  piston  pump 
incorporated  in  the  apparatus,  and  undergoes  catalytic  combustion  there.  This  results  in  an  increase  of  tem¬ 
perature  in  this  chamber  relative  to  that  of  the  spiral  in  the  insulated  comparison  chamber.  This  disturbs  the 
balance  of  the  bridge,  as  shown  by  a  galvanometer  in  the  bridge  circuit.  The  emf  in  the  galvanometer 
circuit  is  proportional  to  the  concentration  of  the  combustible  component  in  the  sample 

It  must  be  pointed  out  that  the  operation  of  this  instrument  as  practiced  at  present  is  not  free  from  the 
defects  listed  above. 

Nevertheless,  the  PGF  gas-analysis  apparatus  can  be  used  as  the  basis  of  an  instrument  which  could  be 
used  for  direct  estimation  of  the  explosibility  of  vapor— gas-air  mixtures  containing  various  inflammable  gases, 
vapors,  or  mixtures  of  them. 

This  possibility  depends  on  the  fact  that  the  combustion  temperature  of  gas— vapor— air  mixtures  containing 
combustible  components  in  concentrations  corresponding  to  the  lower  explosibility  limit  is  constant  for  all  com¬ 
bustible  gases  and  liquids.  Since  it  is  the  combustion  temperature  of  the  sample  in  the  gas-analysis  apparatus 
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which  ultimately  determines  Its  content  of  the  combustible  component.  It  may  be  assumed  that  the  readings 
of  the  apparatus  will  be  the  same  for  different  gases  and  vapors  In  any  combustible  mixture  containing  a  com¬ 
bustible  component  in  a  concentration  corresponding  to  the  lower  explosibility  limit. 

The  constancy  of  the  combustion  temperatures 
of  gas  mixtures  at  the  lower  limit  Is  explained  as 
follows.  The  lower  explosibility  limit  represents 
the  minimum  concentration  of  the  combustible  com¬ 
ponent  in  the  air  at  which  spontaneous  propagation 
of  the  flame  is  still  possible.  This  concentration 
does  not  exceed  5%  of  the  volume  of  the  mixture 
for  most  substances.  According  to  the  laws  of  thermal 
explosion,  the  lower  limit  is  reached  at  equilibrium 
between  the  gain  of  heat  owing  to  the  exothermal 
oxidation  reaction  and  loss  of  heat  from  the  reaction 
zone.  Since  we  are  concerned  with  dilute  combust¬ 
ible  mixtures,  it  may  be  assumed  that  heat  losses 
under  equal  conditions  are  determined  by  the  condi¬ 
tions  of  heat  transfer  virtually  through  air,  i.e. ,  they 
are  equal.  In  the  light  of  the  condition  indicated 
above  for  thermal  explosion,  it  may  be  assumed  that 
the  calorific  capacity  of  a  volume  element  of  all 
such  mixtures  will  also  be  the  same.  Therefore  the 
maximum  heat  effect  and  accordingly  the  maximum 
combustion  temperature  should  also  be  the  same  for 
all  mixtures. 

To  confirm  this,  we  calculated  the  theoretical  combustion  temperatures  of  a  number  of  individual  sub¬ 
stances  at  concentrations  corresponding  to  the  lower  limit  in  air. 

Since  the  combustion  temperatures  of  mixtures  of  the  limiting  composition  are  relatively  low,  dissociation 
of  the  combustion  products  may  be  disregarded  in  these  calculations.  The  theoretical  temperature  of  combus¬ 
tion  in  the  presence  of  excess  air  was  calculated  for  each  substance  The  following  results  were  obtained. 

Substance  Combustion 

temperature  ("C) 

Methane .  1646 

Ethane .  1644 

Propane .  1648 

Hexane .  1648 

Ethanol .  1650 

Comparison  of  the  calculated  values  confirms  our  hypothesis  that  the  combustion  temperatures  of  mixtures 

of  the  Umiting  composition  are  equal  (the  greatest  difference  between  the  theoretical  combustion  temperatures 
of  the  substances  listed  in  the  above  table  is  0.24-0.4*70). 

Additional  evidence  in  favor  of  our  hypothesis  that  the  readings  of  the  PGF  gas-analysis  apparatus  are 
constant  and  that  therefore  the  apparatus  is  of  universal  applicability  for  determination  of  the  explosibility  of 
vario»»s  gas~vapor“air  media  in  tests  of  combustible  gas  mixtures  of  the  limiting  composition  is  provided  by 
calibration  curves  fcW-  ♦he  1*0?  apparatus,  plotted  by  the  designers  of  the  apparatus  for  different  vapors  and  gases, 
and  shown  in  the  diagram.  The  points  marked  on  the  curves  correspond  to  50*70  values  of  the  lower  limiting  con¬ 
centrations  of  the  vapors  and  gases  by  volume. 

It  is  evident  from  the  graph  that,  despite  the  fact  that  the  calibration  curves  were  plotted  for  different 
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Calibration  curves  for  PGF -2  gas-analysis  apparatus :  A) 
amount  of  gas(vol  *70),  B)  instrument  readings;  I,  II, 
III)  datum  point*  for  the  curves;  1)  methane,  2)  ethyl 
alcohol,  3)  hydrogen,  4)  acetylene,  5)  propane,  6) 
ethylene,  7)  B-70  gasoline,  8)  butadiene;  a,b,c)  lower 
limits  for  B-70  gasoline  from  different  literature  sources. 
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standard  temperatures  of  the  heated  spirals,  these  points  correspond  to  roughly  the  same  scale  reading  for  nearly 
all  the  substances.  The  exceptions  are  points  for  B-70  gasoline  and  ethylene,  which  are  at  appreciable  distances 
from  the  mean  value  along  the  abscissa  axis.  This  is  probably  because,  first,  a  low  value  of  the  lower  limit  was 
taken  for  B-70  gasoline  and,  second,  because  the  calibration  curves  were  not  determined  under  identical  test 
conditions  . 

It  follows  from  the  foregoing  that  if  on  the  scale  of  the  galvanometer  in  the  bridge  a  mark  is  made  cor¬ 
responding  to  the  reading  obtained  for  a  combustible  mixture  containing  any  combustible  component  at  a  con¬ 
centration  of  bOPjo  of  the  lower  concentration  limit,  when  the  apparatus  is  Introduced  into  the  test  atmosphere 
and  switched  on  it  will  immediately  indicate  whether  the  hazardous  concentration  is  reached. 

■  The  design  and  construction  of  the  apparatus  are  considerably  simplified,  as  several  datum  points  are  no 
longer  required,  the  apparatus  becomes  universally  applicable  (l.e.,  suitable  for  any  combustible  component),  and 
it  is  no  longer  necessary  to  calibrate  the  apparatus  for  different  substances.  The  accuracy  is  also  increased  con¬ 
siderably,  as  it  is  not  necessary  to  find  lower  explosibility  limits,  and  errors  in  selection  of  reference  data  on  ex- 
ploslbility  limits  are  thereby  eliminated. 


SU  MM  A  RY 

By  analysis  of  the  critical  conditions  of  thermal  explosion  and  by  direct  calculation  of  theoretical  com¬ 
bustion  temperatures  it  is  shown  that  the  combustion  temperatures  of  different  gas— vapor-air  mixtures  containing 
the  lower  limiting  concentrations  of  combustible  components  are  equal.  This  relationship  forms  the  basis  of  the 
recommended  use  of  the  PGF-2  gas-analysis  apparatus  as  a  universal  instrument  for  determination  of  the  ex¬ 
plosibility  of  various  vapor-gas-air  mixtures  for  safe  work  with  explosive  gases. 
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REDUCTION  OF  NICKEL  AND  COBALT  FERRITES  BY  HYDROGEN 

M.  G.  Zhuravleva,  V.  N.  Bogoslovskii ,  and  G.  I.  Chufarov 
The  Sverdlovsk  Institute  of  Metallurgy,  Ural  Branch  of  the  Academy  of  Sciences, USSR 

Ferrites  are  complex  oxides  of  the  general  formula  MFe204,  where  M  Is  a  bivalent  metal  ion.  They  may 
be  formed  in  a  number  of  metallurgical  processes  by  interaction  of  individual  oxides.  In  some  cases  their 
formation  is  desirable,  as  in  the  refining  of  copper,  because  copper  is  thereby  freed  from  nickel,  but  in  others 
they  have  an  adverse  effect,  such  as  in  zinc  production.  Attention  should  also  be  drawn  to  the  technological  uses 
of  ferrites  as  materials  with  good  magnetic  properties  together  with  high  resistivity. 

Tumarev  f  1]  studied  reduction  of  mixtures  of  oxides  and  chemical  compounds  by  carbon  monoxide,  and 
Mishin  and  Kabanova  [2]  investigated  the  reduction  of  cobalt  ferrite  by  carbon  monoxide.  The  phase  composi¬ 
tion  of  the  solid  products  of  reduction  of  cobalt  ferrite  by  hydrogen  was  studied  by  Simanov,  Klyachko-Gurvich, 
and  Gerasimov  \  3]. 

According  to  published  data  [4,5],ferrlte  formation  in  mixtures  of  NiO  +  Fe203  and  CoO  +  Fe203  com¬ 
mences  at  700-800*.  The  reaction  is  rapid  at  1100“  and  is  largely  complete  in  3  hours.  However,  for  final 
completion  of  the  process  at  this  temperature  a  time  of  25-30  hours  is  required. 

We  prepared  ferrites  of  nickel  and  cobalt  by  the  action  of  heat  on  equimolecular  mixtures  of  NiO  +  Fe203 
and  CoO  +  Fe203  in  air  at  1200“  for  3  and  30  hours 

It  was  found  by  x-ray  structural  analysis  of  the  ferrites 
that  when  oxide  mixtures  are  heated  for  three  hours  conver¬ 
sion  to  ferrite  is  incomplete  and  the  samples  contain 
certain  amounts  of  unchanged  oxides.  The  ferrites  formed 
after  30 -hour  sintering  of  the  mixtures  are  single  phases 
and  have  a  spinel  structure  with  lattice  parameters  of 
8.376  i  0.003A  for  cobalt  fenite  and  8.333+  0.005A  for 
nickel  ferrite. 

The  ferrites  were  reduced  by  hydrogen  at  200  mm 
pressure  in  the  300-500*  temperature  range  in  a  closed 
apparatus  in  which  hydrogen  was  circulated  over  a  heated 
ferrite  sample.  The  water  vapor  formed  was  frozen  In  a  trap 
cooled  in  liquid  nitrogen.  The  rate  of  reaction  was  de¬ 
termined  from  the  fall  of  pressure.  Hydrogen  was  added 
into  the  system  at  intervals  and  its  pressure  varied  within 
narrow  limits. 

The  curves  in  Fig.  1  and  2  represent  the  rates  of 
reduction  of  nickel  and  cobalt  ferrites  at  the  same  tem¬ 
perature.  It  Is  clear  that  the  two  ferrites  are  reduced  at 
approximately  the  same  rate. 


A 


0  W  un  60  60  WO  B 

Fig.  1,  Reduction  of  nickel  ferrite  by  hydro¬ 
gen  at  400“:  A)  reduction  rate  K  •  10"® (grams 
©2  minute),  B)  degree  of  reduction  (*70);  1) 
ferrite  after  3-hour  sintering,  2)  ferrite  after 
30 -hour  sintering. 
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A 


Fig.  2.  Reduction  of  cobalt  ferrite  by  hydro¬ 
gen  at  400°:  A)  reduction  rate  K  *  10"* 
(grams  O2/ minute),  B)  degree  of  reduction 
(®/o);  1)  ferrite  after  3-hour  sintering,  2) 
ferrite  after  30 -hour  sintering. 


A 


70 

- 2 - ^  , 

2 

■  -»-e 

0  ?.0  1,0  60  80  100  B 

Fig. 3.  Equilibrium  composition  of  the  gas 
in  the  reduction  of  nickel  and  cobalt  ferrites 
by  hydrogen  at  400°:  A)  H2O  content  (%), 

B)  degree  of  reduction  (‘7o);  1)  cobalt  ferrite, 
2)  nickel  ferrite. 


In  the  case  of  ferrites  formed  by  3-hour  sintering  the 
reduction  rate  is  high  at  the  initial  stage,  and  it  then  drops 
sharply  at  20-2570  reduction  in  the  case  of  nickel  ferrite  and 
at  30 -407o  reduction  in  the  case  of  cobalt  ferrite.  The  initial 
drop  is  due  to  the  presence  of  unchanged  oxides,  and  is  not 
found  on  curves  for  ferrites  formed  by  30 -hour  sintering. 

The  content  of  water  vapor  in  the  equilibrium  gas  phase 
during  reduction  of  cobalt  and  nickel  ferrites  is  independent 
of  the  extent  of  reduction,  and  is  770H2O  for  nickel  ferrite  and 
970H2O  for  cobalt  ferrite  (Fig. 3). 

The  solid  reactbn  products  were  studied  by  means  of 
x-ray  structural  analysis  at  different  stages  of  reduction. 

It  was  found  that  the  spinel  phase  is  present  right  through 
the  reduction  process,  i.e.,the  ferrite  is  reduced  as  a  single 
chemical  compound  without  previous  decomposition  into 
oxides.  Determinations  of  the  lattice  parameter  of  the  spinel 
phase  showed  it  to  be  constant  within  the  limits  of  experi¬ 
mental  error  at  different  degrees  of  reduction.  Constancy  of 
the  lattice  parameter  is  consistent  with  the  fact  that  the 
composition  of  the  equilibrium  gas  phase  doe5  not  change 
during  the  reduction.  The  metallic  phase  formed  by  reduction 
consists  of  a  solid  solution  of  nickel  in  iron,  containing  about 
30  atomic  T*  of  nickel;  this  concentration  corresponds  to  the 
nickel -iron  ratio  in  the  ferrite. 

These  experiments  on  reduction  kinetics  and  x-ray 
investigations  of  the  products  formed  in  the  reduction  of 
nickel  and  cobalt  ferrites  by  hydrogen  at  400°  showed  that 
no  appreciable  diffusional  processes  take  place  within  the 
crystal  lattice.  The  lattice  parameters  of  the  spinel  and 
metallic  phases  do  not  alter  during  reduction.  The  reduction 
is  effected  by  migration  of  ions  over  the  external  surfaces 
of  the  crystals  and  over  the  interphase  boundary;  such  migra¬ 
tion  proceeds  quite  freely  at  such  temperatures,  and  the  re¬ 
duction  rate  is  therefore  considerable.  At  higher  temperatures 
the  extent  of  volume  diffusion  increases  and  its  role  in  the 
arrangement  of  the  crystal  lattice  becomes  more  significant 

[3]. 
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FILMS  OF  SEMICONDUCTING  TIN  DIOXIDE  WITH  INCREASED 
CONDUCTIVITY 

A.  Ya.  Kuznetsov,  A.  V.  Kruglova,  and  B.  P.  K  ryzhanovskii 


In  recent  years  transparent  semiconducting  films  of  tin  dioxide  on  glass  have  been  widely  used  in  science 
and  technology.  These  films  are  used  in  the  production  of  nondimming  and  nonicing  sight  glasses  in  aviation  and 
land  and  sea  transport,  as  transparent  electrodes  in  various  photoelectric  and  electroluminescent  devices,  as 
highly  economical  heating  elements  of  small  dimensions,  and  for  many  other  purposes.  There  are  essentially 
two  methods  for  application  of  these  semiconducting  films  on  glass:  by  pulverization  and  by  pyrolysis  of  tin 
chlorides  [1-3].  In  the  first  method,  a  glass  surface  heated  to  600-650*  is  treated  with  alcoholic  stannic  chloride 
solution,  when  the  process  of  film  formation  can  be  schematically  represented  by  the  following  equations: 

SnCl4  -1  2II2O  SnOg  +  4nCl. 

Sn02  -f  reducing  agent  (alcohol)  ->  Sn,  SnO. 

In  the  second  method, glass  heated  to  400°  is  treated  with  vapor  of  the  hydrolysis  products  of  stannous 
chloride.  The  main  reactions  of  film  formation  are 


Sii(:i2+  ii./)  sno-]-2HCi, 

2SnO  ^  O2  -♦  2Sn()2, 

2SnO  — >  Sn  Sn02. 

In  each  case  a  film  of  semiconducting  tin  dioxide  is  formed,  not  of  the  exact  stoichiometric  composition 
because  of  the  presence  of  Sn  and  SnO  [2,4,5]. 

These  methods  give  transparent  conducting  films,  the  specific  surface  resistance  of  which  reaches  hundreds 
of  ohms,  on  the  glass  surface.  Films  of  lower  resistance,  obtained  when  the  thickness  is  increased,  exhibit  con¬ 
siderable  light  scattering  and  are  essentially  semitransparent  coatings. 

There  is  a  great  technological  demand  for  transparent  coatings  the  specific  surface  resistance  of  which 
does  not  exceed  some  tens  of  ohms.  It  was  therefore  necessary  to  find  ways  of  increasing  sharply  the  surface 
conductivity  of  SnO|  films  with  retention  of  a  high  degree  of  transparency.  Two  solutions  of  this  problem  were 
studied:  variation  of  the  stoichiometric  composition  of  the  tin  oxide  by  the  presence  of  excess  metal,  and 
introduction  of  extraneous  impurities  into  the  SnOj  lattice. 

Variation  of  the  stoichiometric  ratio  by  thermal  disproportionation  of  the  tin  monoxide  present  in  the 
film  to  the  metal  and  dioxide  [4]  gave  only  slight  increases  of  conductivity  with  retention  of  transparency.  An 
effective  increase  of  film  conductivity  was  achieved  by  introduction  of  extraneous  impurities.  It  was  found 
experimentally  that  the  conductivity  of  tin  dioxide  films  is  increased  sharply  both  by  introduction  of  quinque- 
valent  metal  atoms  capable  of  replacing  tin  atoms  in  the  Sn02  lattice  (Sb),  and  by  introduction  of  halogens 
(F)  replacing  oxygen  atoms.  However,  introduction  of  metal  atoms  appreciably  lowers  the  film  transparency 
while  increasing  conductivity.  Thus,  with  addition  of  antimony  a  highly  conducting  film  thermally  stable  up 
to  800°  was  obtained,  but  its  transparency  was  considerably  lower  [5]. 
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Filins  of  SnOj  containing  fliiorine  atoms  have  high  transparency  and  conductivity.  Fluorine  was  introduced 
into  the  films  by  addition  of  3-10*^  NH^F  by  weight  to  the  SnClj  powder  in  treatment  of  glass  by  the  vaporized 
pyrolysis  products  of  stannous  chloride  (in  the  pyrolysis  method),  or  by  addition  of  0.5*70  by  weight  of  NH4F  to 
the  alcoholic  solution  of  stannic  chloride  in  the  pulverization  method.  Unfor  tunately,  the  amount  of  NH4F  in 
solution  cannot  be  increased  because  of  the  low  solubility  of  ammonium  fluoride  in  alcohol.,  and  therefore  it  is 
not  possible  to  increase  film  conductivity  very  much  in  this  manner. 


Surface  Resistivity  and  Light  Transmission  of  Glasses  Coated  with  SnOj  Films  with 
Added  Ammonium  Fluoride  and  Made  from  Pure  SnCl2 


Glass  type 


Sheet 

Pyrex 


1  Without  added  NH4F 

With  5%  NH4F 
added  (glass  not 
etched) 

Amount  of 

SnClj 

evaporated 

(g) 

glass  not 
etched 

glass  etched 

p,(ohms) 

1 

light 

Ps  (ohms) 

light 

tr.ans  mis¬ 
sion  (fo) 

^(ohms) 

transrnis- 
Sion  (’/o) 

'ilKI 

50 

370 

S5 

IIH) 

S7 

s 

270 

52 

250 

S3 

50 

S2 

10 

S5 

'lO 

70 

75 

12 

77 

20 

r»(H» 

59 

i70 

SO 

95 

S9 

s 

2(K» 

50 

2' HI 

S2 

'i5 

7S 

12 

1  10 

'll 

IIK) 

SO 

IS 

77 

22 

The  greater  increase  in  the  conductivity  of  tin  oxide  films  was  obtained  by  the  pyrolysis  method  (see  table). 

In  this  case, addition  of  fluorine  raised  the  conductivity  of  the  film  to  k  e*3  •  10*  ohm"*cm"*;  transparent  coat¬ 
ings  0.25  thick  with  specific  surface  conductance  not  exceeding  10  ohms  were  obtained.  The  increase  of  conduct¬ 
ivity  was  accompanied  by  an  increase  of  transparency.  It  seems  likely  that  the  fluorine  atoms  partially  oxidize 
the  metallic  tin  atoms  present  in  the  film  to  SnF2  and  SnF^.  This  naturally  involves  an  increase  of  transparency. 
Since  tin  dioxide  is  an  electronic  semiconductor,  the  increase  of  conductivity  on  introduction  of  fluorine  into 
the  film  may  be  explained  as  follows.  A  bivalent  oxygen  atom  in  the  Sn02  lattice  is  replaced  by  a  univalent 
fluorine  atom,  which  can  bind  only  one  valence  electron  of  tin.  The  liberated  second  electron,  previously  bound 
by  oxygen,  can, under  the  influence  of  thermal  energy, pass  into  the  conductivity  zone  and  increase  the  total  con¬ 
ductivity. 

Thus,  the  total  conductivity  of  a  semiconducting  tin  dioxide  film  is  made  up  of  two  components 

■'•total 

where  is  the  cbnductivity  caused  by  the  presence  of  excess  metal  over  the  stoichiometric  ratio  for  Sn02; 

K  ^  is  the  conductivity  due  to  added  fluorine  atoms. 

The  lengthy  preliminary  treatment  of  glass  by  acid  solutions  for  formation  of  silica  films  [2]  can  be 
avoided  by  the  addition  of  ammonium  fluoride  to  the  original  stannous  chloride  in  pyrolysis  (see  table).  The 
coating  time  and  the  amount  of  stannous  chloride  volatilized  can  also  be  reduced  sharply  by  addition  of  ammonium 
fluoride. 

SUMMARY 

If  ammonium  fluoride  is  added  to  stannous  chloride  in  the  pyrolysis  method,  the  conductivity  of  the  semi¬ 
conducting  tin  dioxide  films  is  greatly  raised,  the  light  transmission  of  the  coatings  is  improved,  the  coating  time 
and  consumption  of  stannous  chloride  are  appreciably  reduced,  and  lengthy  acid  pretreatment  of  glasses  is  avoided. 
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TEXTILE  -BASED  MEMBRANE  S  E  M I U  L  TR  A  F  IL  TERS 


S.  G.  Mokrushin  and  V.  I.  Borlslkhlna 
The  S.  M.  Kirov  Polytechnic  Institute  of  the  Urals 


It  was  shown  in  the  preceding  paper  [1]  that  collodion  ultrafilters  of  different  pore  sizes  can  be  made  on  a 
paper  base. 

The  purpose  of  the  present  work  was  to  prepare  textile-based  semiultrafUters  of  definite  predetermined 
pore  sizes. 

Collodion  solutions  with  additives  developed  by  us  were  used  for  impregnation  of  the  textile  fabrics. 
Collodion  was  applied  to  the  base  (textile  fabric)  in  a  vacuum  apparatus  by  the  Bechhold  method  [2].  The  pore 
radii  in  the  prepared  semiultrafilters  were  determined  by  Manegold's  method  [31.  The  effective  filtration  area 
in  the  Zsigmondy  funnel  was  10.87  cm*.  The  filtration  vacuum  was  15  mm.  The  experimental  temperature 
was  14-15’. 

Data  on  semiultrafUters  made  with  different  textile  (cotton)  supports  [4]  are  presented  in  the  table. 


Effect  of  the  Type  of  Fabric  on  Properties  of  Semiultrafilters 


Filter  base 

Code 

of 

fabric 

Thickness 
of  semi- 
ultrafiltei 
(mm) 

Filtration 
time  of 
100  ml 
H20(sec) 

Average 
diameta: 
of  filter 
pores 
(mp  ) 

Notes 

"Byaz*  " 
(sheeting) 

0.02() 

1)5 

7.SS 

Surface  of  semiultrafilter  uneven, 
thickenings  at  thread  crossings 

Calico 

1)2 

o.o2r. 

07 

7<SO 

Closehard,  occasional  surface 
irregularities 

Cambric 

IIN) 

0.023 

t)9 

700 

The  same 

Zephyr 

370 

0.023 

,S2 

050 

Dense,  with  smooth  and  even 
surface 

"Rogozhka* 
(coarse  canvas) 

4(M) 

0.029 

»)7 

.S(M) 

Thick,  coarse,  surface  streaked 
and  uneven 

Bandage  cloth 

422 

0.022 

69 

710 

Difficulties  in  treatment 

Batiste 

429 

0.021 

70 

080 

Dense,  with  smooth  and  even 
surface 

The  fabrics  were  impregnated  with  a  6%  solution  of  nitrocellulose  motion -picture  film  containing  V^ooi 
malonic  ester  and  0,5%  of  glycerol. 

In  addition  to  the  fabrics  listed  in  the  table,  numerous  others  were  tested,  such  as  natural  silk  pongee, 
linen,  and  various  staple -fiber,  viscose,  glass,  and  others. 

The  experiments  showed  that  the  best  semiultrafilters  are  obtained  with  batiste,  zephyr,  and  fine  calico. 
Raised,  diagonal,  and  hackled  fabrics,  and  fabrics  with  knotted  threads  are  unsuitable,  because  the  thread  ir¬ 
regularities  give  rise  to  faults  on  the  surface  of  the  finished  semiultrafilters  Before  use  the  fabric  must  be  washed 
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A 


In  semiultrafilters;  A)  average 
pore  size  B)  content  of 

additive  (%);  additives;  1) 
malonic  ester ,  2)  mixture  (1:1) 
of  acetoacetic  and  malonic 
esters,  3)  acetoacetic  esters,  4) 
mixture  (1;  1)  of  acetoacetic 
ester  and  ethyl  acetate,  5)  ethyl 
acetate,  6)  glycerol,  7)acetone, 


in  dilute  ammonia  solution,  rinsed  In  water,  and  then  boiled  in  dilute 
hydrochloric  acid  solution.  Chloride  ions  were  washed  out  in  hot  dis¬ 
tilled  water,  and  finally  the  moist  fabrics  were  Ironed  with  a  hot  Iron. 

Circles  (filters)  of  suitable  diameter  were  cut  from  the  prepared 
fabrics;  small  curved  metal  clamps  were  attached  to  their  lower  edges 
to  facilitate  Impregnation  of  the  fabrics  with  the  collodion  solution  and 
the  subsequent  drying  and  gelatinatlon 

It  was  found  that  semiultrafilters  ba.sed  on  thin  dense  fabrics  are 
satisfactorily  reproducible. 

The  pore  size  may  be  varied  by  addition  of  appropriate  amounts 
of  esters  to  the  original  collodion  solution. 

The  diagram  shows  the  effects  of  different  additives  on  pore  size 
of  ultrafilters  made  on  a  batiste  support. 

In  this  case  the  original  solution  was  a  4'7o  solution  of  n*trocellulose 
motion-picture  film  in  alcohol— ether  mixture  containing  0.5%  of 
glycerol. 

For  characterization  of  textile-based  semiultrafilters  it  was  im¬ 
portant  to  determine  the  changes  produced  in  pore  size  and  state  of  the 
filter  surface  by  the  action  of  strong  acids,  bases,  and  concentrated  salt 
solutions. 

According  to  Yander  and  Zakovskii  [51,  such  changes  can  be 
easily  investigated  by  repeated  determinations  of  the  "water  number," 
which  is  the  time  required  for  filtration  of  100  ml  of  distilled  water.  The 
distilled  water  and  the  reagent  solutions  used  in  the  tests  were  previously 
passed  through  an  ultrafilter  with  60  m^  pores  to  remove  any  suspended 
matter. 

For  determinations  of  the  "water  number",  acids  (1-2  N  sulfuric, 
nitric,  hydrochloric),  concentrated  salt  solutions  (ferric  chloride,  copper 
sulfate,  and  others),  and  alkali  solutions  were  passed  repeatedly  through 
the  semiultrafilters.  The  "water  number"  remained  virtually  constant 
in  each  experiment. 


SUMMARY 


A  method  for  preparation  of  semiultrafilters  of  various  predetermined  pore  sizes  on  textile  supports  has 
been  developed;  it  was  found  that  semiultrafilters  of  especially  high  quality  are  obtained  on  a  batiste  support. 
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CORROSION  RESISTANCE  OF  CERTAIN  ELEC  TRODEPOS ITED  ALLOYS 


UNDER  NEAR-TROPICAL  CONDITIONS 

N.  P.  Fedot'ev,  P.  M.  Vyachesl  a  vov ,  E.  G.  Kruglova,  and 
S.  Ya.  Grllikhes 


During  recent  years, interest  has  greatly  increased  in  the  electrolytic  method  for  production  of  coatings  of 
binary  and  ternary  alloys.  Some  of  these,  such  as  tin-zinc  and  tin~cadmium  alloys,  are  used  abroad  as  protec¬ 
tive  coatings  in  tropical  climates.  It  Is  known  that  under  tropical  conditions  a  zinc  coating  rapidly  becomes 
covered  with  a  loose  deposit  of  basic  salts.  Tin  coatings  withstand  atmospheric  attack,  but  are  somewhat  porous 
at  thicknesses  up  to  25^,  which  weakens  their  protective  action.  If  tin— zinc  alloys  are  used,  the  advantages  of 
both  metals  can  be  utilized-the  porosity  of  tin  coatings  is  diminished  and  their  rate  of  corrosion  reduced  [1]. 

Tin-zinc  alloys  have  been  studied  In  great  detail  by  a  number  of  workers  [1-3].  Tin-xadmium  alloys 
gave  good  results  In  tests  in  a  salt  spray  chamber.  Tests  of  specimens,  coated  with  tlmcopper  electrodeposited 
alloy  containing  45-50%  tin,  for  4000  hours  In  fresh  water  showed  that  coatings  lOp  thick  effectively  protect 
steel  against  corrosion  and  are  unchanged  In  external  appearance  (2].  If  the  tin  content  is  less  than  30  %  such 
coatings  protect  steel,  but  themselves  darken  appreciably.  A  technological  process  for  deposition  of  such  alloys 
has  been  worked  out  in  adequate  detail  by  Fedot’ev  et  al.  [4]  and  Lalner  [5].  The  electrodeposition  conditions 
and  corrosion  resistance  of  zlnc^admlum  alloys  was  studied  by  Kudryavtsev  et  al.,  who  showed  that  an  alloy 
containing  83%  cadmium  and  17%  zinc  has  the  highest  resistance  to  corrosion  [6]. 

The  information  available  on  ternary  electrodeposited  alloys  is  very  Incomplete.  There  are  reports  of 
their  use  as  protective  and  decorative  coatings,  but  no  data  on  their  corrosion  resistance  under  severe  conditions 
are  available. 

The  purpose  of  the  present  investigation  was  to  determine  the  relative  stability  to  corrosion,  under  near- 
tropical  conditions,  of  the  following  electrodeposited  alloys:  tin— zinc,  tirrxadmium,  tin^opper,  zinc— cadmium, 
copper-tin-zinc,  and  coppei“tin~ cadmium. 

Conditions  of  alloy  deposition.  Preliminary  experiments  on  deposition  of  tin-zinc  alloys  showed  that 
alloys  containing  70-80%  tin  give  the  best  results  with  regard  to  corrosion  resistance  at  high  humidities  (98-100%) 
and  large  fluctuations  of  temperature  (25-35").  The  following  conditions  were  established  for  the  deposition  of 
these  alloys: 


Alloy  composition  (%) 

Electrolyte  composition  (g/ liter) 

Tin 

Zinc 

Tin 

Zinc 

KCN, 

free 

NaOH, 

free 

20 

32-36 

1. 5-2.0 

30 

32-36 

2. 5- 3.0 

The  zinc  and  zinc— tin  coatings  were  passivated  in  order  to  increase  their  corrosion  resistance.  Zinc  coat¬ 
ings  were  treated  for  5-10  seconds  in  a  solution  containing  150  g  of  ammonium  dichromate  and  10  g  of  sulfuric 
acid  per  liter.  The  following  two  solutions  were  used  for  passivation  of  the  alloys:  1)  chromic  anhydride  20 
g/ liter,  sulfuric  acid  0.25  g/ liter;  solution  temperature  60  -  70',  treatment  time  15-30  seconds;  2)  sodium 
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(llchroinnte  3  g/ liter,  caustic  soda  10  g/ liter,  OP-10  (polyethylene  glycol  ether)  3  g/ liter;  solution  temperature 
00-03",  treatment  time  3-10  seconds. 

Solution  2  is  recommended  for  passivation  of  tin  coatings  171  The  auxiliary  OP-10  was  added  to  improve 
wetting  of  the  metal  surface.  When  treated  in  the  acid  solution  the  specimens  darkened  somewhat.  The  surface 
became  ligliter  in  the  alkaline  solution.  Ammonium  chromate  solution  was  not  used  for  passivation  of  the 
alloys,  as  ft  did  not  show  any  appreciable  advantages  in  preliminary  corrosion  tests. 

Preliminary  corrosion  tests  on  tln-^  admium  electrodeposlted  coatings  showed  that  coatings  containing 
40-60%  tin  have  the  highest  resistance.  The  following  electrolyte  compositions  were  established  for  deposition 
of  alloys  of  these  compositions: 

Tin  content  of 

coating  (%)  Electrolyte  composition  (%) 


1 


Sn(BF4)2 

Cd(BF4)2 

NH4BF4 

MBF4 

H3BO3 

Glue 

40 

24 

240-250 

50-60 

50  -  70 

18-20 

0.5- 1.0 

60 

30 

240-250 

50-60 

50-70 

18-20 

05-1.0 

The  cathodic  current  density  was  1. 5-2. 0  amp/ dm*,  electrolyte  temperature  18-2f>’.  < 

The  coatings  were  passivated  by  means  of  an  acid  solution  containing  150  g  of  ammonium  dichromate 
and  10  g  of  sulfuric  acid  per  liter,  and  the  alkaline  solution  2  detailed  above. 

Cadmium— zinc  alloy  was  deposited  from  an  electrolyte  of  the  following  composition:  cadmium  (calculated 
as  metal)  27  g/ liter,  zinc  (calculated  as  metal)  6  g/liter,  potassium  cyanide  (free)  20  g/liter;  cathodic  current 
density  1.5  amp/dm*,  anodic  current  density  0.5  amp/dm*,  electrolyte  temperature  18-25’  The  anodes  were 
zinc  and  cadmium  plates.  The  area  ratio  of  the  zinc  and  cadmium  anodes  was  1:4. 

Coatings  containing  18-20%  zinc  were  formed  under  these  conditions.  They  were  passivated  by  means  of 
a  solution  containing  150  g  of  ammonium  dichromate  and  10  g  of  sulfuric  acid  per  1  iter. 

Coatings  containing  40,  60,  and  80%  tin  were  chosen  for  corrosion  tests  on  tin-copper  alloys.  They  were 
deposited  from  electrolytes  of  the  following  compositions: 


Tin  content  of  coating  (%) 

Electrolyte  composition 
(g/liter) 

Tin 

Copper 

1  1 

KCN^ 

free 

NaOH, 

free 

40 

45 

10 

18 

13 

60 

45 

7-8 

20 

9-10 

80 

45 

4-5 

20 

8-  9 

The  cathodic  current  density  was  1.5  amp/ dm*,  the  anodic  current  density  was  3-4  amp/ dm*,  electrolyte  tem¬ 
perature  18-25".  The  anode  material  was  an  alloy  of  50%  tin  and  50%  copper  in  the  first  two  electrolytes, and 
pure  tin  in  the  third.  The  specimens  coated  with  the  alloy  containing  80%  tin  were  passivated  in  solution  2. 

Copper— tin  zinc  and  copper— tin— cadmium  alloys  were  deposited  from  the  electrolytes  shown  on  the 
following  page. 

Corrosion  tests  were  carried  out  with  specimens  of  carbon  steel  (St3)  coated  with  the  above-named 
alloys  in  layers  20^  thick.  The  tests  were  performed  in  a  TVK-2  heat  and  humidity  unit  under  near-tropical 
conditions.  For  9  hours  the  temperature  in  the  chamber  was  maintained  at  35  ±  2",  and  the  relative  humidity 
at  98%i  During  the  subsequent  15  hours  the  temperature  was  lowered  to  22-25’,  and  dew  was  deposited.  This 
cycle  was  repeated  every  24  hours.  The  tests  were  continued  for  84  days. 
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Composition  of  ( 

:oating  (%) 

Electrolyte  composition  (g/ liter) 

Tin 

Copper 

Zinc 

Tin 

Copper  I 

Zinc 

NaOHr, 

.ree 

Cathodic  current 
density  (amp/dm‘) 

18.1 

78.2 

n 

n 

2 

25 

8 

5 

14.2 

78.7 

■M 

n 

■■ 

2 

25 

8 

10 

26.6 

66.2 

7.  2 

30 

20 

2 

25 

8 

2 

52.2 

38.1 

9.  7 

30 

10 

5 

21.6 

8 

5 

Tin 

Copper 

Cadmium 

Tin 

Copper 

Cadmium 

KCNfree 

Cathodic  current 
density  (amp/dnr) 

35. 5 

53.7 

10.8 

30 

20 

1 

24 

8 

2 

27.9 

62.7 

9.4 

30 

20 

1 

24 

8 

5 

35.6 

37.6 

26.8 

30 

10 

1 

25 

7 

5 

The  corrosion  resistance  of  the  coatings  was  estimated  by  visual  inspection.  Changes  in  the  color  of  the 
coating  and  appearance  of  pits  and  corrosion  sites  were  noted  The  visual  inspection  was  accompanied  by  de¬ 
termination  of  weight  changes  of  the  specimens.  The  following  results  were  found  in  the  tests.  A  uniform  dark 
gray  deposit  of  corrosion  products,  which  could  not  be  rubbed  off,  formed  on  all  specimens  coated  with  tin-zinc 
alloy.  The  weight  increased  in  all  cases,  which  also  shows  the  presence  of  dense,  nonflaking  corrosion  products. 
The  behavior  of  zinc  coatings  was  considerably  worse  —  loose,  easily  crumbled  white  deposits  were  formed  on 
them. 


Of  the  Sn— Zn  alloys  tested,  the  coating  containing  80%  tin  and  20%  zinc  and  passivated  in  the  acid  solu¬ 
tion  had  the  highest  resistance  to  corrosion. 

The  following  conclusions  may  be  drawn  from  the  results  of  tests  on  timcadmium  coatings.  The  dark¬ 
ening  of  the  surface  increases  with  decrease  of  the  tin  content  of  the  coating.  Increase  of  the  tin  content  lowers 
the  protective  power  of  the  coating  and  favors  corrosion  of  the  basis  metal.  If  an  acid  solution  is  used  for  pas¬ 
sivation,  the  specimens  darken  somewhat,  but  the  surface  shows  much  less  change  in  the  tests  than  that  of 
specimens  passivated  in  the  alkaline  solution.  Alloys  containing  40-60%  tin  and  passivated  in  the  acid  solu¬ 
tion  had  the  best  resistance  to  corrosion. 

A  Qonpassivated  cadmium  coating  did  not  withstand  the  test:over  50%  of  its  surface  was  covered  with  dark 
corrosion  patches.  Passivated  cadmium  had  a  better  decorative  appearance  after  the  tests  than  tin—  cadmium 
alloy  coatings;  only  isolated  small  points  were  seen  on  the  surface  There  was  considerable  corrosion  of  the  basis 
metal  in  specimens  coated  with  tin.  Coppenin  alloys  containing  from  40  to  75%  tin  were  almost  unattacked 
in  the  tests,  but  there  was  considerable  corrosion  of  the  basis  metal  .  Similarly,  ternary  alloy  coatings  were 
almost  free  of  corrosion,  but  gave  poor  protection  to  the  basis  metal. 

The  zinc— cadmium  alloy  containing  83%  cadmium  had  the  best  corrosion  resistance  of  all  the  alloys 

tested. 


SUMMARY 


The  relati^e  corrosion  resistance  and  protective  power  of  electrolytic  binary  and  ternary  alloy  coatings, 
and  of  zinc  and  cadmium  coatings  were  determined  under  conditions  simulating  a  tropical  climate  (in  a  heat 
and  humidity  chamber). 

The  tested  coatings  can  be  arranged  in  order  of  decreasing  corrosion  resistance  as  follows:  passivated 
zinc  — cadmium  alloy  (83% Cd),  passivated  cadmium,  passivated  tin— zinc  alloy  (20%  Zn),  passivated  tin-cadmium 
alloy  (60-40%  Cd),  copper-tin  alloy  (40-75%  Sn),  copper  (38-78%>-tin  (18-52%)-zinc  (3-10%)  alloy,  copper 
(37-53%)-tin  (27-35%)-xadmium  (9-26%)  alloy,  nonpassivated  zinc  and  cadmium. 
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CORROSION  OF  METALS  IN  THIONYL  CHLORIDE 


V.  A.  Titov,  Yu.  A.  Babkin,  and  I.  M.  Balandin 
The  Moscow  Steel  Institute 


The  bivalent  SO  radical  is  known  as  thionyl.  Thionyl  chloride  is  the  acid  chloride  of  sulfurous  acid, 

SOClj,  and  is  used  in  the  production  of  dyes,  color  film,  pharmaceutical  products,  etc. 

Thionyl  chloride  reacts  with  atmospheric  moisture  to  form  SO2  and  HCl  (very  corrosive  gases).  The  cor¬ 
rosive  action  of  thionyl  chloride  has  not  been  studied  at  all  as  yet,  and  it  was  therefore  of  great  interest  to  study 
the  corrosion  resistance  of  a  number  of  various  metallic  materials  to  it  in  order  to  determine  whether  they  can 
be  used  for  the  production  of  process  equipment. 

The  experiments  were  performed  both  under  laboratory  conditions  and  directly  in  the  works.  The  materials 
chosen  for  the  tests  were  the  commonest  types  of  stainless  steel,  a  nickel -based  alloy  of  the  Hastelloy  type,  and 
a  number  of  pure  metals  including  titanium. 

Three  specimens  of  each  metal,  50  x  20  x  2 
mm  in  size,  were  cut  from  a  sheet,  cleaned  with 
emery  paper,  degreased  in  acetone,  and  used  in  the 
tests. 

The  laboratory  experiments  were  performed 
with  pure  thionyl  chloride  in  jars  with  ground -glass 
stoppers.  The  works  trials  were  carried  out  with 
crude  thionyl  chloride  of  the  composition; SOClj 
80%,  dissolved  gases  2. 7%,  chlorides  17  3%  Three 
specimens  of  the  same  metal  were  placed  in  a 
perforated  glass  cylindrical  capsule  divided  into 
three  sections  by  glass  partitions.  The  capsules 
containing  the  specimens  were  placed  in  a  perforated 
lead  pipe  installed  in  a  tank  with  circulating  crude 
thionyl  chloride. 

The  duration  of  the  tests  was  the  same,  456 
hours,  in  the  laboratory  and  under  works  conditions. 

In  the  first  case  the  temperature  of  the  medium  was  kept  at  20  ±  O  S’,  and  in  the  second  it  varied  from  40  to  45*. 

The  corrosion  kinetics  of  different  metals  in  pure  thionyl  chloride  was  studied.  The  test  results  are  pre¬ 
sented  in  the  table  and  plotted  in  Fig.  1  and  2. 

The  results  of  the  experiments  show  that  copper  and  titanium  are  not  resistant  to  pure  thionyl  chloride. 
Copper  (Curve  1,  Fig.  1)  was  attacked  rapidly,  as  protective  films  were  not  formed  on  the  copper  specimens. 

Titanium  is  more  resistant  than  copper  to  thionyl  chloride.  Its  corrosion  rate  fell  somewhat  with  time 
(Curve  2,  Fig.  1),  because  of  the  formation  of  films  consisting  of  corrosion  products  on  the  surface  of  the 
titanium  specimens.  It  was  found  that  the  rate  of  corrosion  of  copper  in  thionyl  chloride  was  11.5  mm/year, 
and  of  titanium,  6.8  mm/ year. 


Corrosion  Rates  of  Various  Metals  in  Pure  and  Crude 
Thionyl  Chloride 


Metal 

Corrosion  rate  (mm/ 
year) 

In  thionyl 
chloride 

in  crude 

material 

EI-461  . 

0.01 

0.0072 

lKhl8N9T . 

0.02 

0.0135 

Khl7 . 

0.08 

0.0146 

St  3 . 

0.17 

1.16 

Titanium  (VT-ID) . 

6.8 

39.2 

Copper  (M-3) . 

11.5 

14.8 
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A 


Fig.  1.  Kinetics  of  the  corrosion 
of  copper  (1)  and  titanium  (2)  in 
pure  thionyl  chloride:  A)  weight 
loss  (g/ m*),  B)  duration  of  test 
(days). 


A 


Fig.  2.  Kinetics  of  the  corrosion 
of  St  3  (1),  Khl7  (2),  1K18N9T 
(3),  and  El -461  (4)  steels  in  purt 
thionyl  chloride:  A)  weight  loss 
(g/ m*),  B)  duration  of  test  (days), 


The  corrosion  of  EI-461  alloy  (Line  4,  Fig.  2)  and  lKhl8N9T  steel  (Line  3,  Fig.  2)  was  slight  throughout 
the  experiments.  The  corrosion  rates  were  0.01  and  0.02  mm/ year  respectively. 

Curves  1  and  2  in  the  same  diagram  represent  the  corrosion  kinetics  of  St  3  steel  and  Khl7  stainless  steel 
respectively.  The  course  of  Curve  1  indicates  an  appreciable  acceleration  of  corrosion  with  time.  The  corrosion 
rate  of  St  3  steel  was  0.17  mm/ year.  The  chrome  steel  corroded  at  a  lower  rate  than  St  3  steel,  but  at  an  ap¬ 
preciably  higher  rate  than  lKhl8N9T  chrome  —  nickel  steel. 

Thus,  the  corrosion  resistance  of  EI-461  alloy  is  17  times  that  of  St  3,  and  the  resistance  of  lKhl8N9T  steel 
is  8.5  times  that  of  St  3.  On  the  other  hand,  under  these  test  conditions  St  was  40  times  as  resistant  as  titanium 
and  about  70  times  as  resistant  as  copper. 

The  results  of  tests  of  the  same  metals  in  crude  thionyl  chloride  are  given  in  the  table.  It  is  seen  that 
the  corrosion  rates  of  titanium  and  copper  are  respectively  33  and  12  times  the  corrosion  rate  of  St  3.  The 
lowest  corrosion  rate  in  crude  thionyl  chloride  was  again  found  for  El-461  alloy  (0.0072  mm/ year).  Somewhat 
higher  rates  (0,0135  to  0.0146  mm/ year)  were  found  for  the  stainless  steels. 

Thus  it  .was  found  that  under  works  conditions  the  corrosion  resistance  of  EI-461  alloy  was  more  than  160 
times  that  of  St  3,  while  stainless  steels  were  about  80  times  as  resistant  as  St  3. 

On  the  basis  of  these  results  the  tested  metals  can  be  divided  Into  three  groups  in  accordance  with  their 
corrosion  resistance  to  thionyl  chloride.  The  first  group  includes  resistant  materials:  EI-461  alloy  and  stainless 
steels,  the  second  includes  St  3,  and  the  third  contains  the  nonresistant  materials  copper  and  titanium. 

The  high  conosion  rates  of  titanium  and  copper  indicate  that  these  metals  did  not  become  passive  in 
thionyl  chloride,  and  were  therefore  attacked  fairly  rapidly;  under  works  conditions  their  corrosion  was  greater 
because  of  the  higher  temperature  and  motion  of  the  medium  Conversely,  under  these  conditions  the  readily- 
passivated  stainless  steels  showed  smaller  weight  losses  than  in  laboratory  tests.  Evidently  the  continuous  renewal 
of  the  solution  resulted  in  formation  of  more  effective  passive  films,  which  gave  better  protection  to  the  metal 
against  corrosion,  despite  the  higher  temperature  of  the  medium. 


SUMMARY 

1.  EI-461  alloy  proved  to  be  resistant  to  crude  and  pure  thionyl  chloride;  its  rate  of  corrosion  did  not 
exceed  0.01  mm/year.  Because  of  the  cost  of  this  alloy  its  use  is  justified  only  for  particularly  important  small 
components. 
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2.  The  tested  grades  of  stainless  steel  had  fairly  high  corrosion  resistance  to  thionyl  chloride.  lKhl8N9T 
steel  is  recommended  for  construction  of  works  equipment;  it  has  good  corrosion  resistance,  high  plasticity  and 
impact  viscosity,  and  good  weldability. 

3.  ST  3  steel,  and  especially  copper  and  titanium,  are  unsuitable  construction  materials  for  equipment 
used  in  the  production  of  thionyl  chloride. 


Received  May  30,  1958. 
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INFLUENCE  OF  THE  STRUCTURE  OF  ALCOHOLS  ON  THE  FILM 


FORMING  PROPERTIES  OF  THEIR  ESTERS 
Z  I  Ediinskii  (Z.  Jedlinski) 

The  Polytechnic  Institute,  Gdansk.  Poland 

Tlie  polymerization  and  film -forming  properties  of  fatty-acid  esters  of  a-methylglucoside  were  described 
in  the  preceding  communications.  It  was  suggested  that  the  high  tendency  to  polymerization  of  these  substances 
is  caused,  among  other  factors,  by  the  cyclic  structure  and  spatial  configuration  of  a-methylglucoside.  To 
confirm  tliis  hypothesis, a  series  of  fatty-acid  esters  of  various  polyhydric  alcohols  was  synthesized  and  their  prop¬ 
erties  were  compared  with  the  properties  of  the  corresponding  a-methylglucoside  esters 

Unsaturated  esters  of  a-methylglucoside,  pentaerythritol,  glycerol,  and  mannitol  were  prepared  and  their 
ability  to  form  space  polymers  in  films  was  studied.  The  results  confirmed  Drinberg's  views  [31  on  the  influence 
of  the  structure  of  alcohols  on  the  film -forming  properties  of  their  esters. 

In  accordance  with  the  theory  advanced  by  Carothers  [4]  and  Drinberg  [3]  concerning  the  influence  of  func¬ 
tionality  of  esters  on  the  polymerization  process,  the  rates  of  drying  and  polymerization  of  esters  are  influenced 
by  the  number  and  positions  of  the  double  bonds  in  the  original  fatty  acids  and  by  the  number  of  hydroxyl  groups 
in  the  alcohol.  Increase  of  the  functionality  of  the  monomer  due  to  a  high  content  of  esterifiable  hydroxyl 
groups  in  the  alcohol  increases  the  rate  of  conversion  into  a  space  polymer  without  influencing  the  increase  in 
the  aging  rate  of  the  films.  The  results  of  the  present  investigation  show  that,  in  addition  to  functionality,  the 
the  spatial  structure  of  the  monomer  has  a  definite  significance.  The  spatial  structure  of  the  alcohol  radical  in 
the  monomer  influences  the  rates  of  polymerization  and  drying  of  the  unsaturated  aliphatic  ester.  The  mecha¬ 
nism  of  this  process  can  be  represented  on  the  assumption  that  unsaturated  acid  residues  can  be  distributed  more 
uniformly  in  space  in  esters  of  cyclic  alcohols  than  in  esters  of  polyhydric  alcohols  of  linear  strucutre.  According¬ 
ly,  the  acyl  groups  in  such  polyesters,  which  have  considerable  mobility  around  the  ester  linkage  at  the  earliest 
stage  of  polymerization  or  copolymerization,  have  greater  possibility  of  contact  and  further  interaction  by  means 
of  the  double  bonds,  and  this  leads  to  rapid  formation  of  a  polymer. 

EXPERIMENTAL 

Esters  of  fatty  acids  were  made  by  the  azeotropic  esterification  method  [2],  fatty  acids  of  linseed  or  cameline 
oil  being  heated  with  the  corresponding  alcohols  in  xylene.  The  catalysts  were  zinc  oxide  or  lead  oxide  (lith¬ 
arge)  taken  in  the  proportion  of  0.5%  by  weight  of  the  fatty  acids.  The  esterification  temperature  was  main¬ 
tained  at  175-185”  ,  and  raised  to  200"  during  the  last  few  hours. 

The  reaction  was  continued  for  about  8  hours.  The  acidity  and  the  amounts  of  water  liberated  were  de¬ 
termined  during  the  reaction. 

The  reaction  between  pentaerythritol  and  fatty  acids  was  found  to  be  the  most  rapid  In  the  reaction  with 
acids  of  cameline  oil, a  product  with  acid  number  0.2was  obtained  after  8  hours  of  heating.  The  esterification 
product  of  glycerol  had  acid  number  4.0,  that  of  a-methylglucoside,  4,4,  and  of  mannitol,  5.8.  The  properties 
of  the  esters  are  given  in  Table  1. 

The  polyhydric  alcohol  esters  were  heated  with  lead-manganese  drier  to  180"  under  the  same  conditions 
and  converted  into  varnishes.  The  drier  had  the  following  composition  (in  g);  linseed  oil  100,  litharge  9. manga¬ 
nese  oxide  3,  white  spirit  200. 
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TABLE  1 


Properties  of  Esters  of  a-Methylglucoside,  Pentaerythrltol,  Glycerol, 
and  Mannitol 


Numbers 

Esters  of 

acid 

sapon¬ 

ification 

hydroxyl 

Drying  time 
In  air  (hr) 

a-Methylglucoside  and 
acids  of  camellne  oil 

4.4 

164.8 

49.2 

75 

Pentaerythrltol  and 
acids  of  camellne  oil 

0.2 

172.1 

30.5 

80 

Mannitol  and  acids 

of  camellne  oil 

5.8 

182.7 

51.1 

144 

Glycerol  and  acids  of 
camellne  oil 

4.0 

185.0 

- 

140 

TABLE  2 


Properties  of  Varnishes  and  Coatings 


Strength  [5] 

Binders 

Drying 
time  In 
air  (hr) 

Film 

hardness 

[51 

flex 

(mm) 

Impact 
(kg.  cm) 

Ester  of  a-methylgluco  - 
side  and  acids  of  ca- 

meline  oils . 

18 

0.086 

1 

50 

Ester  of  pentaerythrltol 
and  acids  of  camellne 

oil . 

26 

0.084 

1 

50 

Ester  of  mannitol  and 
acids  of  camellne  oil 

36 

- 

1 

- 

Raw  camellne  oil  ...  . 

33 

0.120 

1 

50 

Raw  linseed  oil . 

22 

0.120 

1 

50 

The  amount  of  drier  used  was  calculated  to  give  0.4«/o  of  lead  in  the  final  varnish. 

The  properties  of  the  varnishes  and  films  are  given  in  Table  2 

DISCUSSION  AND  CONCLUSIONS 

The  experimental  results  confirm  the  theory  of  Carothers  [4]  and  Drinberg  [31  concerning  the  influence  of 
functionality  on  polymerization  and  drying  of  polyesters,  but  this  theory  does  not  take  sufficiently  Into  account 
the  influence  of  alcohol  structure  on  chemical  activity  and  ability  to  form  cross-linked  polymers 

It  was  demonstrated  In  the  case  of  unsaturated  esters  of  a-methylglucoside  that  the  spatial  configuration 
of  the  alcoholic  radical  in  the  ester  has  a  considerable  influence  on  the  rates  of  conversion  of  the  ester  into  a 
space  polymer. 
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For  the  esters  of  different  alcohols  studied,  the  rate  of  drying  In  air  diminishes  In  the  following  sequence; 
a-methylglucoslde  esters  ->  pentaerythrltol  esters  glycerol  esters  _►  mannitol  esters. 
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COMBINATION  OF  THE  ESTER  INTERCHANGE  AND  POLYCONDENSATION 


REACTIONS  IN  SYNTHESIS  OF  POLYETHYLENE  TEREP  H  TH  A  L  A  TE 

B.  V.  Petukhov  and  A.  A.  Konkin 

The  All-Union  Scientific  Research  Institute  of  Artificial  Fibers 


The  manufacture  of  "lavsan"  polyester  fiber  commences  with  the  production  of  polyethylene  terephthalate. 

The  synthesis  of  polyethylene  terephthalate  (PETP)  from  the  dimethyl  ester  of  terephthalic  acid  (DMT)  is 
usually  effected  in  two  stages  ( 1]:  ester  interchange  to  convert  DMT  to  the  diglycol  ester  by  the  action  of  ethylene 
glycol. 


lInCOOC/ _ ^COOCIln  +  2H()C!I.3Clla011 

.  llOCIlaCHzOOc/  ^COOCHaCIIaOH  -|-2CIIa011 


and  polycondensation  of  the  latter  to  PETP 


H  •  1I0CII2CH200C(^  ^COOf'.lIaClIaOlI  (n  —  1)  llOClIaCIUOll + 

^  ^  \ _ /  ^  ^  270  -278’  '  '  i  -  I 


+  HOClIaCIlaOOC 


/■ 


\_  _/ 


>CO()  ClIaCHaOOC 


\ _ / 


COO  CIIaCHaOH. 


It  is  stated  that  in  synthesis  by  the  ester -interchange  method  it  is  essential  that  the  first  stage  (the  reac¬ 
tion  between  the  methyl  ester  and  glycol)  is  continued  until  the  full  calculated  amount  of  methyl  alcohol  has 
been  liberated.  Otherwise  the  unconverted  methyl  ester  groups  restrict  chain  growth,  remaining  as  end  groups  [21. 
The  addition  of  more  than  2  moles  (usually  2.5)  of  ethylene  glycol  per  mole  of  DMT  is  regarded  as  an  obliga¬ 
tory  condition  for  completion  of  ester  interchange  at  the  first  stage. 

We  carried  out  experiments  in  which  the  amount  of  ethylene  glycol  was  less  than  2  moles  per  mole  of 
DMT,  and  the  ester  interchange  at  the  first  stage  was  not  taken  to  completion  owing  to  deficiency  of  ethylene 
glycol. 


Specific  Viscosity  of  Polyethylene  Terephthalate 


Glycol  : 

^MT  ratio 

Specific  viscosity  of  pol¬ 
ymer 

mole^mole 

g/g 

2.6 

0.8 

0.28o 

2.0 

0.64 

0.275 

1.8 

0.57 

0.264 

1.5 

0.48 

0.267 

1.3 

0.41 

0.255 
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Fig,  1.  Apparatus  for  ester 
Interchange  :  1)  reaction 
vessel,  2)  column,  3)thermo- 
meter. 


The  ester -interchange  reaction  was  carried  out  in 
the  apparatus  shown  in  Fig.l  in  presence  of  0.05«/o(on 
the  weight  of  DMT)  of  zinc  acetate  catalyst.  A  current 
of  nitrogen  was  used  to  provide  an  inert  atmospliere  in 
the  vessel  The  lower  part  of  the  apparatus,  into  which 
50  g  of  DMT  was  put  in  each  experiment,  was  immersed 
in  a  bath  of  Wood’s  alloy  at  200". 

Evolution  of  methyl  alcohol  began  after  the  mix¬ 
ture  melted.  During  the  entire  process,  which  lasted 

1.5  hours,  the  bath  temperature  was  raised  steadily  to 
27(f .  The  height  of  the  column  was  chosen  so  as  to 
give  almost  complete  separation  of  the  glycol— methyl 
alcohol  mixture;  the  glycol  flowed  back  into  the  lower 
reaction  vessel  down  the  glass  packing,  washing  crystals 
of  sublimed  DMT  down  with  it. 

The  extent  of  the  ester -interchange  reaction  was 
determined  as  the  ratio  of  the  amount  of  methyl  alcohol 
liberated  to  the  theoretical  amount  calculated  from  the 
equation  given  above. 

The  polycondensation  was  effected  in  a  separate 
vessel,  fitted  with  a  stirrer  with  a  reliable  gland,  for 

2. 5  hours  at  270  ±  1"  under  a  residual  pressure  of  0. 5mm. 
The  specific  viscosity  of  the  polymer  was  determined 

in  a  solution  in  cresol,  of  a  concentration  of  0.5  g/100 
ml,  at  20*. 


It  is  seen  in  Fig.  2  that  almost  the  theoretical 
amount  of  methyl  alcohol  was  liberated  in  the  ester- 
interchange  reaction  only  in  the  experiment  in  which 

2.5  moles  of  ethylene  glycol  per  mole  of  DMT  was 
taken.  At  lower  glycol  contents  in  the  mixture  the 
ester  interchange  does  not  go  to  completion  at  that 
stage;  in  all  the  experiments  the  amount  of  methyl 
alcohol  liberated  was  85-90%  of  the  amount  which 
should  be  liberated  for  the  amount  of  ethylene  glycol 
taken.  Therefore  a  product  containing  a  considerable 
amount  of  unconverted  methoxy  groups  was  subjected 
to  the  subsequent  polycondensation. 

Polycondensation  yielded  blocks  of  polyethylene 
terephthalate,  the  specific  viscosities  of  which  are 
given  in  the  table. 


These  results  show  that  products  of  quite  high 
molecular  weight  were  obtained  in  all  the  experi¬ 
ments;  this  would  not  occur  if  the  unconverted  methoxy 
groups  were  completely  retained  and  blocked  the 
chain  ends.  Therefore  it  may  be  assumed  that  be¬ 
cause  of  the  high  and  increasing  viscosity  of  the  melt, 
and  despite  the  high  temperature,  vacuum,  and  stirring, 
the  ethylene  glycol  liberated  during  polycondensation  is  not  removed  immediately  from  the  reaction  zone, but 
takes  part  repeatedly  in  ester  interchange.  The  amount  of  ethylene  glycol  taken  initially  can  then  be  less  than  2 
moles  per  mole  of  DMT. 


Fig.  2.  Kinetics  of  ester  interchange  : 

A)  extent  of  reaction,  B)  time  (minutes); 
ratio  of  glycol  to  DMT  (moles/ mole>. 

1)  2.5  :  1,  2)  2  :  1,  3)  1.8  :  1,  4) 

1.5  :  1,  5)  1.3  :  1. 
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SUMMARY 


1.  In  the  synthesis  of  polyethylene  terephthalate  polymer  from  dimethyl  terephthalate  the  ester  Inter¬ 
change  need  not  be  taken  to  completion  and  the  initial  amount  of  ethylene  glycol  may  be  less  than  2  moles 
per  mole  of  dimethyl  terephthalate. 

2.  The  ethylene  glycol  liberated  during  the  subsequent  ester  interchange  Is  capable  of  converting  the 
remaining  methoxy  groups. 
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PREPARATION  OF  LACTIC  ACID  ESTERS 


R.  M.  Gel’dshtein 


In  chemical  industry  .liquid  mixtures  are  very  frequently  separated  by  distillation  of  one  of  the  components 
in  the  form  of  an  azeotropic  mixture  with  a  solvent  (azeotropic  distillation).  This  method  is  especially  convenient 
for  use  with  mixtures  the  components  of  which  do  not  withstand  high  temperatures.  In  such  cases  the  solvent  not 
only  increases  the  volatility  of  the  distilled  substance  but  also  dilutes  the  mixture  and  so  prevents  local  overheat¬ 
ing  and  resinification  of  the  high-boiling  component. 

We  used  azeotropic  distillation  to  concentrate  lactic  acid  and  to  prepare  its  esters,  which  are  finding  in¬ 
creasing  uses  as  solvents.  The  simplest  method  for  preparation  of  these  esters  is  ordinary  esterification  of  lactic 
acid  by  alcohols  f  1-5].  A  disadvantage  of  the  method  is  the  need  to  use  anhydrous  alcohols  and  concentrated 
(75-85%)  lactic  acid,  which  is  prepared  either  by  evaporation  of  the  dilute  acid  under  vacuum,  or  by  the  action 
of  a  current  of  air  blown  through  It  at  a  high  temperature  [4,6].  This  involves  considerable  losses  of  lactic  acid, 
both  by  volatilization  in  steam  and  as  the  result  of  side  reactions  which  take  place  at  high  temperatures  [6,7]. 

In  addition,  crude  lactic  acid  has  to  be  purified  before  being  concentrated,  and  this  complicates  the  process 
furtlier  and  increases  losses  of  lactic  acid. 

Esters  have  not  been  prepared  directly  from  crude  lactic  acid.  Until  recently,  the  procedure  used  in  the 
reagent  Industry  for  synthesis  of  lactates  from  the  crude  acid  was  to  prepare  the  calcium  salt,  which  was  then 
treated  with  sulfuric  acid  In  presence  of  the  corresponding  alcohol  [8].  This  method  is  Inconvenient,  as  the 
reaction  mass  has  to  be  heated  to  200",  and  this  causes  resinification  of  the  product.  We  were  able  to  simplify 
the  esterification  of  lactic  acid  by  the  McDermott  method  [5]  by  the  use  of  a  water  trap  for  continuous  return 
of  the  benzene-alcohol  mixture  into  the  reaction  flask.  This  made  it  possible  to  prepare  esters  from  technical 
alcohols  and  technical  60-65%  lactic  acid  which  is  easily  prepared  if  water  is  removed  in  the  form  of  an  azeo¬ 
trope  with  benzene  from  crude  35%  acid.  This  method  was  used  to  prepare  the  ethyl  (in  30%  yield  on  lactic 
acid),  isopropyl  (In  15%  yield),  butyl,  isobutyl,  amyl,  and  isoamyl  (in  approximately  50%  yield)  esters  of  lactic 
acid. 


EXPERIMEN  TAL 

A  5-liter  flask  equipped  with  a  stirrer  and  seal,  and  a  water  trap  [9],  was  charged  with  1.1  kg  of  lactic 
acid  (calculated  for  the  100%  acid)  and  1.2  kg  of  benzene.  The  mass  was  boiled  on  a  glycerol  bath  with  stirr¬ 
ing  until  the  amount  of  water  corresponding  to  the  formation  of  60-65%  acid  collected  in  the  water  trap  At 
this  stage,  1  kg  of  ethyl  alcohol  (or  1.3  kg  of  technical  isopropyl  alcohol),  300  g  of  benzene,  and  20  g  of  sulfuric 
acid  (sp.gr.  1.84)  were  added  and  the  boiling  was  continued  until  water  ceased  to  collect  in  the  water  trap 
Water  which  remained  in  the  lactic  acid,  introduced  with  the  alcohol,  and  formed  during  esterification  was 
distilled  over  at  this  stage.  The  reaction  mass  was  neutralized  at  room  temperature  by  barium  hydroxide  in 
presence  of  Congo  Red.  The  precipitate  was  filtered  off  on  a  Buchner  funnel.  Benzene  was  evaporated  from  the 
filtrate,  and  the  residue  was  distilled  under  vacuum. 

For  preparation  of  esters  of  higher  alcohols  (butyl,  amyl,  and  others)  it  is  more  convenient  and  rapid  to 
use  the  corresponding  alcohol  rather  than  benzene  to  concentrate  the  lactic  acid,  as  azeotropic  mixtures  of  butyl 
or  amyl  alcohol  with  water  contain  4-5  times  as  much  water  as  the  azeotropic  mixture  of  benzene  and  water 
[10].  Therefore,  to  concentrate  the  acid,  1.5  kg  of  alcohol  is  put  in  instead  of  benzene,  and  after  removal  of 
the  water  1  kg  of  alcohol  is  put  in  instead  of  benzene,  and  after  removal  of  the  water  1  kg  of  benzene  and  20  g 
of  sulfuric  acid  are  added  and  the  synthesis  is  continued  as  described  above. 


1204 


SUMMARY 


1.  A  convenient  method  is  proposed  for  concentrating  lactic  acid  by  distillation  of  water  in  the  form, of 
an  azeotrope  with  benzene. 

2.  A  water  trap  was  used  in  esterification  of  lactic  acid;  this  simplified  the  synthesis  and  made  it  possible 
to  use  aqueous  alcohols  and  unpurified  60%  lactic  acid. 
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ALKYLATION  OF  AVTOL-6  (LUBRICATING  O I L  )  D  IS  T IL  LE  D  BY 
CHLORINATED  PARAFFIN  IN  PRESENCE  OF  DRY  GUMBRIN  AND 


GASEOUS  HYDROGEN  CHLORIDE 

I.  F .  Radzevenchuk 


Recent  investigations  of  the  chemical  composition  of  lubricating  oils  have  confirmed  that  these  oils 
contain  low -cyclic  hydrocarbons  with  long  side  chains  [1-3].  It  is  becoming  increasingly  evident  that  such 
hydrocarbons  cause  the  oil  to  have  a  flat  viscosity— temperature  curve  (a  high  viscosity  Index)  and  low  density! 2]. 

The  paraffin -chain  content  of  aromatic  hydrocarbons  in  oil  can  be  increased  by  alkylation  by  means  of 
chlorinated  paraffin  wax. 

It  was  shown  In  earlier  papers  that  the  viscosity  properties  of  Avtol  can  be  improved  by  alkylation  [4],  and 
the  extracts  from  selective  purification  can  be  converted  into  oils  [5].  This  reaction  was  carried  out  in  presence 
of  aluminum  chloride  —  a  very  active  but  costly  catalyst.  Alkylation  of  benzene  by  alkyl  halides  has  been  ef¬ 
fected  In  presence  of  gumbrin  and  gaseous  hydrogen  chloride.  The  reaction  took  place  at  70*,  and  good  yields 
of  alkyl  benzenes  were  obtained  [6]. 

In  the  present  investigation  It  was  decided  to  replace  aluminum  chloride  by  a  cheaper  catalyst  —  dry 
gumbrin  and  gaseous  hydrogen  chloride.  It  was  expected  that  under  these  conditions  aromatic  hydrocarbons 
with  long  side  chains  would  also  be  formed,  so  that  the  oils  would  have  flat  viscosity— temperature  curves. 

Important  factors  for  success  in  the  reaction  are  preliminary  heat  treatment  of  the  clay  and  the  action  of 
gaseous  hydrogen  chloride  on  the  clay  suspension  in  the  alkylation  reagents  (oil  and  chlorinated  paraffin). 

The  gumbrin  must  be  dried  until  the  water  between  the  layers  has  been  removed  [7],  It  was  dried  at 
160*  to  constant  weight,  and  lost  14.2%  of  water  in  the  process.  It  is  possible  that  after  removal  of  the  water 
its  place  between  the  montmorillonite  lattice  layers  was  taken  by  the  mixture  of  the  alkylation  reagents.  It  Is 
known  that  montmorll Ionites  are  capable  of  absorbing  organic  liquids  [8].  Oil  and  chlorinated  paraffin  come 
Into  close  contact  with  the  active  centers  of  the  aluminosilicate  (gumbrin)  and  the  catalytic  reaction  becomes 
more  probable.  A  second  and  no  less  important  condition  is  the  action  of  dry  gaseous  hydrogen  chloride  on  a 
suspension  of  dry  gumbrin  in  the  alkylation  reagents.  The  temperature  at  which  the  hydrogen  chloride  Is  passed 
Influences  the  activity  of  the  catalyst  formed  in  this  process.  It  was  noticed  that  the  reaction  proceeded  better 
when  the  temperature  was  raised  to  70-90*.  It  is  possible  that  adsorption  of  hydrogen  chloride  was  accompanied 
by  chemical  reaction  between  surface  hydroxyl  groups  of  the  montmorillonite  lattice  and  hydrogen  chloride. 
Miesserov  et  al.  [9]  attribute  the  increased  activity  of  aluminum  oxide  in  Isomerization  reactions  after  treat¬ 
ment  with  hydrogen  chloride  to  this  reaction. 


EXPERIMENTAL 

Avtol-6  distillate  from  Lok-Batan  petroleum  contained  30%  aromatic  hydrocarbons.  The  kinematic 
viscosity  was  80.6  centistokes  at  37.8°,  and  7.61  centlstokes  at  98.9”;  the  viscosity  Index  was  47.1,  di5*^®  = 

=  0.9200.  Chlorinated  paraffin  was  prepared  from  white  Grozny!  paraffin  wax  which  solidified  at  5?  A 
current  of  chlorine  was  passed  through  the  Grozny!  paraffin  wax  until  the  weight  increased  by  12-13%  The 
product  was  dissolved  in  llgrolne,  cooled,  and  unchanged  paraffin  was  removed  from  it  by  filtration.  Ligroine 
was  not  distilled  off,  but  used  as  a  solvent  In  the  alkylation  reaction. 
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The  alkylation  was  carried  out  as  follows:  a  mixture  of  Avtol-6  distillate  with  23‘7oof  chlorinated  paraf¬ 
fin  was  put  in  a  three-necked  flask  equipped  with  a  stirrer,  reflux  condenser,  and  inlet  tube  for  gaseous  hydrogen 
chloride.  A  current  of  dry  hydrogen  chloride,  made  directly  from  NaCl  and  H2SO4  was  passed  in  at  80’  with 
stirring;  after  10  minutes  10%  of  nonactlvated  gumbrln,  dried  at  160*  to  remove  interlayer  water,  was  Introduced 
quickly  into  the  flask.  Gaseous  hydrogen  chloride  was  passed  through  the  suspension  of  gumbrln  in  the  alkylation 
reagents  at  80*  for  5  hours.  The  hydrogen  chloride  supply  was  then  discontinued  and  the  oil  was  left  to  settle  for 
12  hours  at  room  temperature.  The  settled  gumbrln  was  colored  black  by  the  oily  tar  which  permeated  it.  The 
oily  layer  was  washed  with  hot  water  and  treated  by  10%  activated  gumbrln  at  240".  The  solvent  (ligroine)  and 
part  of  the  oil  was  distilled  off  during  this  treatment.  Filtration  gave  a  clear  oil  in  90%  yield.  Its  constants  are 
given  in  Table  1,  together  with  constants  for  oil  made  by  alkylation  in  presence  of  aluminum  chloride. 

TABLE  1 


Constants  of  Oils  Made  by  Alkylation  in  Presence  of  Aluminum  Chloride  and  Dry  Gumbrln,  and  of 
Gaseous  Hydrogen  Chloride 


Catalyst 

Content  of  chlor¬ 
inated  paraffin 
(%) 

Kinematic  viscosity 
(centistokes) 

Viscosity 

Yield  on 
oil  taken 
(%) 

Solid¬ 

ification 

point 

CC) 

98.  gf 

37.  sr 

Index 

AICI3 . 

23 

5.8 

4L1 

91.3 

90 

+  4 

Clay+  HCl . 

23 

5.73 

39.5 

91.4 

90 

+  5 

Table  1  shows  that  the  oil  formed  in  presence  of  dry  gumbrln  and  gaseous  hydrogen  chloride  has  constants 
similar  to  those  for  the  oil  made  by  alkylation  in  presence  of  2%  aluminum  chloride.  For  fuller  character¬ 
ization  of  the  changes  as  the  result  of  alkylation,  the  alkylation  product  (clay+  HCl)  and  the  distillate  treated 
with  2%  AICI3  were  separated  into  fractions  by  the  chromatographic  method. 

The  chromatographic  separation  was  effected  as  follows;  solutions  of  the  oils  in  ligroine  (purified  by  means 
of  sulfuric  acid  and  boiling  below  50")  were  passed  through  glass  tubes  packed  with  activated  gumbrln.  Each  oil 
gave  three  adsorption  zones  in  the  gumbrln  ~  grayish  black,  brown,  and  pale  gray.  The  pale  gray  adsorption 
zone  was  first  eluted  by  means  of  ligroine.  This  gave  the  first  (colorless)  fraction.  The  brown  adsorption  zone 
gave  the  second  fraction.  The  third  fraction  was  obtained  by  elution  with  alcohol— benzene  mixture  in  the  cold. 
No  such  fraction  was  obtained  from  Avtol-6  distillate  treated  with  2%  aluminum  chloride.  The  fourth  fraction 
was  obtained  by  extraction  of  the  adsorbent  by  hot  alcohol— benzene  mixture  in  a  Soxhlet  apparatus.  The  third 
and  fourth  fractions  were  obtained  in  very  small  amounts  and  were  not  analyzed  in  detail.  The  constants  of  the 
original  oils  and  of  the  fractions  obtained  by  chromatographic  sepvation  are  given  in  Tables  2  and  3. 


TABLE  2 

Constants  of  the  Alkylation  Product  (Gumbrln  +  Gaseous  Hydrogen  Chloride)  and  Its 
Fractions 


Product 

Yield 

(%) 

Color 

Kinernatic 

viscosity 

(centistokes) 

Vis¬ 

cosity 

7 

Solidific¬ 

ation 

tempera¬ 

ture 

(“C) 

M 

98.0“ 

37.8“ 

index 

"d 

Alkylation 
product  (gum- 
brin  +  HCl) 

Brown 

5.73 

39.40 

91.5 

1.1039 

-15 

Fraction  1 

47 

Colorless 

5.71 

32.30 

07.2 

1.4022 

4-8 

— 

Fraction  2 

43 

Colorless 

5.67 

30.62 

87.1 

1..5622 

-t-s 

355 
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TABLE  3 


Constants  of  Avtol-6  Distillate  after  Treatment  with  2%  Aluminum  Chloride,  and  of 
Its  Fractions 


Product 

Yield 
(  ^0) 

Color 

Kineni 

viscosi 

Lcentls_ 

ilS.O'’ 

atic 

ty 

tokes) 

37.8’ 

/is- 

cosity 

index 

27 

’■/) 

Solidifica¬ 
tion  tem¬ 
perature 

rc) 

Avtol-6  distillate  + 

2%  AljClj  . 

Brown 

7.35 

78.50 

47.7 

1.5070 

—20 

Fraction  1 . 

60 

Colorless 

6.26 

52.24 

63.9 

1.49.')2 

—20 

Fraction  1 . 

30 

6.98 

63.38 

31.7 

1.5170 

-20 

It  follows  from  the  tables  that  alkylation  changed  the  amounts  and  relative  proportions  of  the  principal 
hydrocarbon  fractions.  The  amount  of  the  first  fraction  decreased  by  with  a  corresponding  Increase  In  the 
yield  of  the  second  fraction,  which  should  contain  more -easily  adsorbable  hydrocarbons,  which  are  more  valuable 
as  oil  components.  Evidently  these  were  formed  as  the  result  of  alkylation.  They  have  a  higher  viscosity  index 
(this  Increased  by  65  units)  and  a  somewhat  different  refractive  Index.  Addition  of  l®7o  of  the  alkylation  product 
to  standard  Avtol  lowered  Its  pour  point  by  6“,  while  V^o  of  Fraction  3  lowered  it  by  8*.  The  depressant  effect 
of  the  alkylation  product  and  the  differences  In  the  yields  and  constants  of  the  fractions  obtained  by  chromato¬ 
graphy  Indicate  that  the  composition  of  the  oil  is  changed  by  alkylation  In  presence  of  gumbrin  and  gaseous 
hydrogen  chloride. 


SUMMARY 

1.  Alkylation  of  Avtol-6  distillate  by  chlorinated  paraffin  In  presence  of  dry  gumbrin  and  gaseous  hydrogen 
chloride  yielded  a  product  with  a  high  viscosity  Index  (91.4). 

2.  Aluminum  chloride  can  be  replaced  In  the  alkylation  reaction  by  dry  gumbrin  and  gaseous  hydrogen 
chloride,  without  any  appreciable  decrease  In  the  oil  quality  and  yield. 
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PREPARATION  OF  PROPIONIC  ACID  FROM  ACRYLONITRILE 

I,  N.  Nazarov  and  G.  A.  Shvekhgelmer 
The  N,  D.  Zellnskll  Institute  of  Organic  Chemistry 


The  demand  for  propionic  acid  has  greatly  Increased  during  recent  years,  as  many  synthetic  anesthetics 
contain  ester  groups  with  propionic  acid  residues. 

The  simplest  and  most  convenient  synthesis  of  propionic  acid  Is  by  acid  hydrolysis  of  proplonltrlle.  A  cheap 
and  available  source  of  proplonltrlle  Is  required  for  the  large-scale  use  of  this  reaction.  Acrylonitrile  Is  Such  a 
source; 

Cll2=CllC.N  ^  CUnCIL/'.N  CH3CH2COOH. 

However,  this  simple  and  short  series  of  conversions  has  not  been  used  as  yet  for  production  of  propionic 
acid.  The  probable  explanation  Is  the  lack  of  a  sufficiently  convenient  and  simple  method  for  hydrogenation 
of  acrylonitrile  to  proplonltrlle.  For  example,  Reppe  and  Hoffman  [1]  performed  the  hydrogenation  at  130- 
200*  under  30  atmos  pressure  In  presence  of  a  copper  catalyst. 

Wlnans  [2]  described  a  more  convenient  method  —  hydrogenation  with  the  aid  of  pyrophoric  nickel  at 
20-75*  and  6  atmos  hydrogen  pressure,  but  he  gave  neither  the  hydrogenation  rate  nor  the  yield  of  proplonltrlle. 

We  used  a  catalyst  consisting  of  5*70  palladium  deposited  on  calcium  carbonate  [3].  The  hydrogenation 
was  effected  under  constant  hydrogen  pressure  (10  atmos)  with  continuous  stirring  of  the  mixture.  The  catalyst 
was  used  In  the  proportion  of  1*70  on  the  weight  of  acrylonitrile  taken  (0.05*7oof  palladium).  The  reaction  was 
strongly  exothermic  and  cooling  was  necessary.  One  portion  of  catalyst  was  sufficient  to  hydrogenate  six  batches 
of  acrylonitrile  at  a  satisfactory  rate.  The  yield  of  proplonltrlle  was  97*7o  of  the  theoretical. 

The  palladium  can  be  recovered  completely  from  the  spent  catalyst. 

Saponification  of  the  nitrile  to  propionic  acid  was  effected  by  a  modification  of  the  method  of  Beckurts 
and  Otto  [4];  the  yield  of  propionic  acid  was  about  95*7a 

EXPERIMENTAL 

Hydrogenation  of  acrylonitrile.  212  g  (4  moles)  of  freshly  distilled  acrylonitrile  (b.p.  75-76.5’)  and  2. 1  g 
of  palladium  catalyst  (prepared  by  the  usual  method  [3])  was  placed  In  an  autoclave  1.2  liters  in  capacity.  The 
autoclave  was  fitted  with  a  propeller  stirrer  and  a  device  for  continuous  supply  of  hydrogen  at  constant  pressure. 
The  temperature  rose  spontaneously  to  60-70“  a  few  minutes  after  the  start  of  hydrogenation.  The  reaction  tem¬ 
perature  was  maintained  at  60-70*  by  regulation  of  the  stirrer  speed  and  by  cooling  of  the  autoclave  In  cold 
water.  The  hydrogenation  was  performed  at  a  constant  pressure  of  hydrogen  (10  atmos)  and  was  complete  after 
45  minutes.  The  cooled  reaction  mass  was  decanted  from  the  catalyst  and  distilled. 

Distillation  gave  210  g  of  proplonltrlle  (95.5*70)  of  b.p.  94-97“  and  8.7  g  of  a  low -boiling  fraction  (b  p. 
83-94*). 

The  catalyst  entrained  during  decantation  was  returned  to  the  autoclave.  The  catalyst  retained  adequate 
activity  In  hydrogenation  of  six  batches  of  acrylonitrile  of  212  g  each  (hydrogenation  of  the  last  batch  took  1.5 
hours). 
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The  low -boiling  fractions  were  dried  over  magnesium  sulfate  and  an  additional  amount  of  proplonltrlle 
was  obtained  from  them.  The  total  yield  of  proplonltrlle  was 

Saponification  of  proplonltrlle.  To  980  g  of  concentrated  sulfuric  acid  (sp.gr.  1.830), 275  ml  of  water 
was  added  with  stirring;  the  temperature  of  the  mixture  rose  to  107°.  To  this  diluted  sulfuric  acid  at  107*^  550  g 
of  proplonltrlle  (b.p.  94-9T)  was  added  with  vigorous  stirring  at  a  rate  such  that  the  mixture  boiled  briskly 
throughout.  The  temperature  of  the  mixture  first  rose  to  141°  and  then  began  to  fall;  at  the  end  of  the  nitrile 
addition  It  had  fallen  to  12T.  An  emulsion  was  formed  before  the  end  of  the  nitrile  addition.  All  the  nitrile 
was  added  during  1  hour  15  minutes.  The  mixture  was  then  stirred  at  134-142°  for  2  hours.  The  propionic  acid 
was  distilled  off  under  moderate  vacuum  (about  100  mm)  and  then  redistilled  under  atmospheric  pressure. 

The  yield  was  700  g  of  propionic  acid  of  b.p.  135-139’. 

The  yield  of  propionic  acid  was  about  95%  of  the  theoretical. 


SUMMA  RY 

A  method  for  preparation  of  propionic  acid  from  acrylonitrile  Is  described;  It  consists  of  two  consecutive 
stages  :  a)  hydrogenation  of  acrylonitrile  to  proplonltrlle,  and  b)  saponification  of  proplonltrlle  to  propionic  acid. 
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REACTIONS  OF  NITRO  OLEFINS  WITH  BARBITURIC  ACID 


V.  A.  Kon'kova  and  V.  V.  Perekalin 


Derivatives  of  barbituric  acid  (barbiturates)  are  widely  used  as  highly  effective  narcotics  of  low  toxicity. 

The  most  active  of  these  are  substituted  at  the  methylene  group,  and  are  mainly  alkyl  and  often  mixed  derivatives 
(veronal,  barbamyl,  nembutal,  luminal,  and  others  [1]). 

Despite  the  enormous  number  of  Investigations  relating  to  the  synthesis  and  studies  of  pharmacological 
properties  of  barbiturates,  little  Is  known  about  products  containing  nltro  and  amino  groups  In  the  alkyl  radicals 
linked  to  the  methylene  carbon  atom  [  2]. 

In  the  course  of  our  work  on  the  chemistry  of  unsaturated  nltro  compounds  we  synthesized  nltroalkyl  deriv¬ 
atives  of  barbituric  acid  by  reactions  of  the  latter  with  various  unsaturated  nltro  compounds. 


Nil— C=0 

I  I 

0=c  CHa 
I  I 

Nil— C=0 


Nil— G=0 


I  I 
Nil— 0=0 


Nil— CO 

I  I/" 

()=(:  c< 

I  I  Vjl— Cll.,NOa  (II).  (Ill) 

Nil— CO  1 
l\ 


jt=-cn,-cii,-cn,  (ID:  -rn,-CH(CH3),  (ni) 


5,5-(2’,2'-dlnItrodlethyl)barblturlc  acid  (I).  1.75  g  of  barbituric  acid  (0.013  mole)  and  1. 9  g  of  nltro- 
ethylene  (0.026  mole)  in  30  ml  of  anhydrous  methanol  were  left  overnight  at  room  temperature  In  presence  of 
a  few  drops  of  triethylamlne.  The  odor  of  nltroethylene  disappeared  at  the  end  of  this  time.  The  liquid  was 
filtered  and  the  solution  was  evaporated  down  to  a  small  volume  under  vacuum. 

In  addition  to  a  compound  which  melted  at  15T  (with  decomposition),  obtained  In  38-40‘7o  yield,  a  high- 
melting  substance  was  Isolated.  The  compound  (I),  m.p.  182-183’  (decomp.)  was  Isolated  from  methanol  after 
repeated  recrystallization. 

Found  <%t  C  35.24,  35.34;  H  4.13,  4.17;  N  20.53,  20.54.  C8HioOtN4.  Calculated  °J<t  C  35.04,  H  3.65,  N  20.44. 

The  substance  was  hydrogenated  over  palladium  catalyst.  The  amine  was  Isolated  in  the  form  of  its  hydro¬ 
chloride. 

5-  [  1 -(nltro methyl )butyl(l)]  barbituric  acid  (II).  1.28  g  of  barbituric  acid  (0.01  mole)  and  1.16  g  (0.01 
mole)  of  nitropentene  In  25  ml  of  anhydrous  methanol  were  heated  for  10  hours  at  60-70“  in  presence  of  a  few 
drops  of  triethylamlne.  After  evaporation  of  the  solvent  a  substance  was  obtained  of  m.p.  136”,  yield  1. 7  g 
(65-69%).  Substance  (II)  of  m.p.  154*  (decomp. )  was  Isolated  after  repeated  crystallization  from  methanol 
acidified  with  10%  hydrochloric  acid. 

Found  %t  C  44.41,  44.73;  H  5.82,  5.79;  N  17.31,17.20.  C9H13O5N3.  Calculated  %  C  44.44,H  5.35,N  17.28. 
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5-r(l-nltromeihyl-3-methyl)butyl]barblturIc  acid  (III).  1.56  g  of  barbituric  acid  (0.012  mole) 
together  with  1.57  g  of  nltrolsohexylene  (0.012  mole)  In  25  ml  of  ethanol  were  heated  for  9  hours  at  GO¬ 
SS*  In  presence  of  a  few  drops  of  triethylamlne.  A  substance  was  obtained  In  a  yield  of  0.97  g  (30%),  m.p. 
149-150*.  Substance  (III)  of  m.p.  159-160*  was  Isolated  from  ethanol  acidified  with  10%  hydrochloric  acid. 

Found  %:  C  46.86,  46.83;  H  5.83,  5.66;  N  16.83,  16.72.  CioHigOgNj.  Calculated  %:  C  46.69,  H  5.83, 

N  16.34. 

5,5-[(2*-nltroethyl-l-nltromethyl)butyl]barblturlc  acid.  1. 5  g  of  (II)  and  0.5  g  of  nltroethylene  were  heated 
together  In  anhydrous  methanol  for  3  hours  at  60*  In  presence  of  a  few  drops  of  triethylamlne.  The  odor  of  nltro¬ 
ethylene  disappeared  during  the  heating.  Substance  (IV)  of  m.p.  15^  was  Isolated.  A  mixed  sample  with  (II) 
gave  a  depression  of  melting  point. 

Found  %  :  N  17.71,  17.76.  CiiHig07N4.  Calculated  %:  N  17.72, 
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BOOK  REVIEW 


W .  L,  Faith,  D.  B,  Keyes  and  R.  L. 
Second  Edition,  New  York,  Wiley, 


Clark.  INDUSTRIAL  CHEMICALS. 
1957,  844. 


The  book  under  review  contains  technical  and  economic  Information  on  the  main  products  of  the  chemical 
Industry  of  the  United  States  of  America.  The  first  edition  of  this  book  was  published  In  1950.  Considerable 
changes  have  taken  place  since  that  time.  In  particular,  the  production  of  certain  new  chemical  products  of 
exceptional  Importance,  such  as  polyethylene,  has  been  extensively  developed,  and  therefore  the  second  edition 
of  the  book  has  been  appreciably  expanded  (35  names  of  chemical  products  have  been  added  and  only  one  omitted). 

The  following  change  In  presentation  has  been  made  In  the  second  edition:  instead  of  maps  showing  loca¬ 
tion  of  producing  firms,  lists  and  location  (town  and  state)  of  firms  in  the  U.S.A.  are  given  for  each  product. 

The  book  consists  of  140  articles,  each  of  which  contains  Information  on  a  particular  chemical  product. 

Most  of  the  articles  are  5-6  pages  In  length,  but  the  articles  on  some  products  (such  as  "Acetylene,"  "Hydrogen" 
"Acetic  Acid,"  "Phenol,"  "Ethyl  Alcohol,"  etc.)  extend  to  10-15  pages;  the  articles  are  arranged  In  alphabetical 
order. 


A  detailed  subject  Index  makes  It  easy  to  use  the  book  and  to  locate  required  data.  An  Index  of  chemical 
firms  In  the  U.S.A.  Is  also  given  at  the  end  of  the  book. 

All  the  articles  follow  the  same  plan;  for  each  chemical  product  the  general  technological  production 
scheme  Is  given,  the  production  process  and  the  principal  chemical  reactions  are  outlined,  the  consumption  of  the 
necessary  materials  Is  given,  the  principal  physical  and  chemical  properties  of  the  products  are  listed,  and  ap¬ 
plications  and  packaging  forms  are  given.  In  addition,  graphs  show  the  production  of  each  substance  In  the  U.S.A. 
during  the  past  20  years  (1935-1955)  and  price  variations  over  20  years  (1936-1956).  Economic  aspects  of  the 
productbn  of  various  chemicals  are  also  considered  very  briefly.  Producing  firms  are  listed  at  the  end  of  each 
article. 

Two  or  more  production  methods  are  described  in  some  .instances.  For  example,  the  article  "Barium 
Carbonate"  (pp.  129-132)  contains  brief  descriptions  of  two  methods  for  production  of  BaC03  —  from  barium 
sulfide  and  carbon  dioxide,  and  from  barium  sulfide  and  sodium  carbonate  In  the  case  of  acetylene , three 
production  methods  are  given.  Several  production  methods  are  described  In  the  article  "Acetic  Add." 

The  selection  of  the  articles  is  occasionally  of  a  random  character  and  does  not  entirely  correspond  to  the 
title  of  the  book.  For  example,  together  with  data  on  important  products  of  the  chemical  industry  made  on  the 
large  scale  (acetylene,  ammonia,  caustic  soda,  sulfuric  acid,  chlorine,  etc.)  the  book  contains  articles  on  sub¬ 
stances  (aspirin,  vanillin,  penicillin,  and  others)  which  are  dubious  members  of  the  class  of  industrial  chemicals 
At  the  same  time  there  Is  no  information  on  such  a  substance  as  sodium  hypophosphite,  which  Is  becoming  im¬ 
portant  In  chemical  nickel  plating.  There  Is  no  Information  on  aluminum  fluoride,  which  is  becoming  Increas¬ 
ingly  important  In  chemical  technology. 

In  our  opinion,  tables  would  have  been  preferable  to  graphs  for  showing  the  production  of  Industrial 
chemicals  and  price  changes.  Tabular  data  are  more  convenient  to  use  than  graphs.  Such  a  change  would  not 
Increase  the  size  of  the  book. 

All  the  articles  are  of  the  summary  type. 

On  the  whole,  the  book  Is  written  at  the  modern  technological  level.  It  Is  a  useful  brief  reference  work 
for  chemical  engineers,  planners,  and  economists. 

I.  Ya.  Volkind 
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PHYSICAL  CHEMISTRY  Section 
of  the 

PROCEEDINGS  OF  THE  ACADEMY  OF  SCIENCES 
OF  THE  USSR  (DOKLADY) 

including  all  reports  on: 

Chemical  Kinetics 
Interface  Phenomena 
Electrochemistry 
Absorption  Spectra 
and  related  subjects 


As  in  all  sections  of  the  Proceedings ,  the  papers  are  by  lead¬ 
ing  Soviet  scientists.  Represents  a  comprehensive  survey  of 
the  most  advanced  Soviet  research  in  physical  chemistry. 
The  36  issues  will  be  published  in  6  issues  annually.  Trans¬ 
lation  began  with  the  1957  volume.  Translation  by  Consul¬ 
tants  Bureau  bilingual  chemists,  in  the  convenient  C.  B.  for¬ 
mat. 


Annual  subscription  $160.00 

Single  issues  35.00 

Individual  articles  5.00 


Cover-to-cover  translation,  scientifically  accurate.  Includes 
all  diagrammatic  and  tabular  material  integral  with  the  text; 
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-  PROCEEDINGS  OF  ====== 

THE  FIRST  ALL-UNION  CONFERENCE  ON 
RADIATION  CHEMISTRY, 
MOSCOW,  1957 

THIS  UNPRECEDENTED  RUSSIAN  CONFERENCE  on  Ra- 
diation  Chemistry,  held  under  the  auspices  of  the  Division  of 
Chemical  Sciences ,  Academy  of  Sciences ,  USSR  and  the  Ministry  of 
Chemical  Industry  ,  aroused  the  interest  of  scientists  the  world 
over.  More  than  700  of  the  Soviet  Union’s  foremost  authorities 
in  the  field  participated  and,  in  all,  fifty- six  reports  were 
read  covering  the  categories  indicated  by  the  titles  of  the  in¬ 
dividual  volumes  listed  below.  Special  attention  was  also  given 
to  radiation  sources  used  in  radiation- chemical  investigations. 

Each  report  was  followed  by  a  general  discussion  which 
reflected  various  points  of  view  in  the  actual  problems  of 
radiation  chemistry:  in  particular,  on  the  mechanism  of  the 

action  of  radiation  on  concentrated  aqueous  solutions ,  on  the  prac¬ 
tical  value  of  radiation  galvanic  phenomena,  On  the  mechanisms  of 
the  action  of  radiation  on  polymers,  etc. 

The  entire  "Proceedings"  may  be  purchased  as  a  set,  or 
individual  volumes  may  be  obtained  separately  as  follows: 

Primary  Acts  in  Radiation  Chemical  Processes 

(heavy  paper  covers;  5  reports,  approx.  38  pp..  Ulus.,  $25.00) 

Radiation  Chemistry  of  Aqueous  Solutions 

(heavy  paper  covers,  15  reports,  approx.  83  pp..  Ulus.,  $50.(X)) 

Radiation  Eiectrochemical  Processes 

(heavy  paper  covers,  9  reports,  approx.  50  pp..  Ulus.,  $15.00) 

Effect  of  Radiation  on  Materials  Involved  in  Biochem¬ 
ical  Processes 

(heavy  paper  covers,  6  reports,  approx.  34  pp..  Ulus.,  $12.00) 

Radiation  Chemistry  of  Simple  Organic  Systems 

(heavy  paper  covers,  9  reports,  approx.  50  pp..  Ulus.,  $30.00) 

Effect  of  Radiation  on  Polymers 

(heavy  paper  covers,  9  reports,  approx.  40  pp..  Ulus.,  $25.00) 

Radiation  Sources 

(heavy  paper  covers,  3  reports,  approx.  20  pp..  Ulus.,  $10.00) 

PRICE  FOR  THE  7-VOLUME  SET 

;  $125.00 

HCyr^l  Individual  reports  from  each  volume  available  at  $12.50 
each.  Tables  of  Contents  sent  upon  request. 


CB  translations  by  bilingual  scientists  include  all  photo¬ 
graphic,  diagrammatic,  and  tabular  material  integral  with 
the  text. 
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